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ABSTRACT 
Nitrification fohibitors have been claimed to offer a means of achieving better control 
of the delivery of applied fertilizer nitrogen to crops. However, considerable 
variability in reported usefulness of nitrification inhibitors indicates a need for further 
research on their effectiveness under different agricultural conditions. 
A series of experiments was conducted to examine effects of the nitrification 
inhibitor nitrapyrin [2-chloro 6-(trichloromethyl) pyridine] on soil N availability and 
transformation and the influence of certain factors (soil pH, relative mobility, 
temperature etc.,) on its effectiveness. 
aecause urea is rapidly becoming most favoured on a world scale attention 
was focussed on this as a form of fertilizer N. After selecting a suitable soil type a 
field experiment was set-up to compare the N supplying capacity of urea to that of 
other common commercial N fertilizers and to evaluate N utilization efficiency of a test 
crop (barley cv. Triumph). Urea compared unfavourably with ammonium nitrate and 
calcium nitrate but was better than ammonium sulphate in terms of plant growth and 
yield on the acid soil used thus warranting improvement practices viz. the use of lime 
as a soil amendment and/or nitrification inhibitor as a fertilizer amendment. 
The effect of liming on certain N transformation processes and on the 
effectiveness of "nitrapyrin" was studied in the glasshouse and the _laboratory. 
Liming promoted urease activity, nitrification and potential denitrification of soil 
whereas nitrapyrin significantly reduced nitrification. Liming reduced the 
effectiveness of nitrification inhibition probably because of faster recovery of nitrifi~rs 
in limed soil. The importance of considering the total duration of inhibition in 
establishing inhibitor effectiveness was underlined. Nitrapyrin also had a marked 
effect on production of nitrous oxide by denitrification. 
There was no visible phytotoxic effects of nitrapyrin nor was there any 
measurable effect on plant height or top dry matter production of barley during 45 
days of growth in the glasshouse. However, liming resulted in better plant growth. 
The relative mobility of nitrapyrin compared to urea and ammonium-N may be 
a critical factor in determining its effectiveness as an inhibitor. In leaching column 
experiments, it was found that most of the added urea moved with the wetting front 
while the rest was hydrolysed. Added ammonium-N moved more slowly but at a 
sufficent speed to effect separation from nitrapyrin. Nitrapyrin scarcely moved at all. 
Measured effects of temperature, soil moisture and air flow on persistence of 
nitrapyrin indicated that it is likely to persist longer in cool, moist soils exposed to 
minimal air flows. 
Nitrapyrin application had little or no effect on the growth of barley (cv. 
Triumph) in a field experiment in which, amongst other treatments, a single 
application of urea plus nitrapyrin was compared with a split application of the same 
" 
amount of urea without nitrapyrin. Higher yields were obtained with split application 
of urea. Liming enhanced vegetative growth but this was not reflected uniformly in 
final yield of dry matter or grain. 
In conclusion, although control over nitrification was obtained by use of 
nitrapyrin under glasshouse/laboratory conditions its use could not be justified under 
field conditions experienced during this study. Field management practices such as 
liming and the method of nitrapyrin application may affect the performance of the 
inhibitor. 
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CHAPTER ONE. 
1. General Introduction 
Nitrogen is a widely used fertilizer element that is considered as the most important 
plant nutrient after the three basic elements carbon, hydrogen and oxygen. The 
common fertilizers that supply nitrogen are urea, ammonium nitrate, ammonium 
sulphate, anhydrous ammonia and calcium nitrate, of which urea is the most popular 
in world agriculture. However, not all the nitrogen added to soil is utilized or 
utilizable by plants. It is said that "no other nutrient requires as much attention and no 
other brings greater rewards for wise management than nitrogen" (Olson and Kurtz, 
1982). Hence, agricultural scientists and others must continue their search for more 
efficient management techniques for individual soils and crops if available resources 
are to be optimized . 
The work presented in this thesis has been carried out on transformation of 
urea N added to soil. Emphasis has been placed on the nitrification process since this 
exclusively converts ammonium into nitrate N. Change in the oxidative state of N 
during nitrification may significantly affect the soil N budget. For example, when 
nitrate is formed, it may be easily lost from the soil/plant system by leaching or 
denitrification whereas positively charged ammonium in most soils may be held by 
the cation exchange complex (clay minerals and organic matter) restricting its 
movement. Nitrate leaching is not only agronomically undesirable but may also result 
in pollution of waterways causing environmental problems. The amount of N 
available to crops may also be reduced by denitrification. On the other hand, if a large 
amount of nitrate remains in the soil and is absorbed by plants, it may accumulate in 
some plants to levels toxic to humans and livestock. 
In view of these agronomically and environmentally unfavorable consequences 
associated with nitrate in soil it is suggested that retaining N as ammonium rather than 
nitrate, atleast during early stages of plant growth, may be beneficial. Nevertheless, 
several common agricultural practices may enhance nitrate formation in soil. For 
example, increased aeration following tillage and increased soil pH following liming 
of acid soil may stimulate nitrification. In the present study, the effect of liming an 
acid soil on urea-N transformation and the effectiveness of using a nitrification 
inhibitor to control nitrifier activity under such circumstances have been investigated. 
Certain factors that determine the effectiveness of nitrification inhibition have also been 
studied in order to understand the observed variability in effectiveness between 
incubation and field experiments. 
An introduced high-yielding barley variety (cv. Triumph) was used as the test 
plant to measure N availability to plants and N use efficiency (NUB). Use of barley as 
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the test crop in this study may be further justified by the fact that N is a major 
determinant of malting quality (moderate N content in grain) and forage production 
(high N content in vegetative parts) and any information to assist regulation of N 
uptake by the plant should be useful. 
The site of field work reported in this thesis was a duplex soil with an acid 
sandy loam topsoil and poorly drained sandy clay subsoil becoming neutral to alkaline 
at depth (Holz, pers. comm.) on the University of Tasmania Farm, Cambridge. 
The main objectives were: 
a. to investigate the effect of liming on Urea N transformation and on 
the ratio of ammonium to nitrate-Nin soil; 
b. to study the effectiveness of.the nitrification inhibitor, nitrapyrin; 
c. to evaluate nitrogen use efficiency, growth and yield of a high 
yielding barley cultivar as affected by application of nitrification inhibitor and lime; 
d. to study some of the factors influencing the effectiveness of 
nitrapyrin in controlling nitrification; 
In pursuit of these objectives, work was conducted as follows: 
a. screening of soils to select an acid soil with a significant nitrification 
potential following urea application to facilitate study of the effect of nitrification 
inhibitor. 
b. comparison of urea with some common nitrogenous fertilizers in 
terms of N use efficiency and plant growth performance. 
c. study of lime and nitrapyrin effects on soil N transformation and 
ammonium to nitrate N ratio. 
d. measurement of crop growth response to lime and/or nitrapyrin 
application, to detect any significant toxic effects. 
e. investigation of factors that affect nitrification inhibitor activity m 
relation to observed variability in the effectiveness of nitrapyrin. 
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CHAPTER TWO 
2. Literature Reyiew 
2.1 Soil N Transformation 
A complex network of biochemical reactions, collectively termed "N transformations", 
determines the forms of N present in soils. Some terms used in this review, to 
describe these reactions are defined below. 
Nitrogen mineralization- Conversion of nitrogen from an organic to an inorganic form 
as a result of heterotrophic microbial activity. 
Ammonification- The processes by which organic nitrogenous compounds are 
converted enzymatically to ammonium e.g. hydrolysis of urea by urease. 
Urea hydrolysis and urease activity- The process by which urea-N enters the soil N 
transformation cycle and the enzyme activity responsible for that process respectively. 
Nitrogen immobilization- The conversion of nitrogen from inorganic to organic forms 
by microbes. 
Nitrogen assimilation/uptake- Utilization of inorganic nitrogen by higher plants. 
Nitrification- Biological oxidation of ammonium to nitrite and then to nitrate. 
Denitrification - The biological reduction of nitrate and nitrite to gaseous nitrogen 
either as molecular nitrogen or as an oxide of nitrogen. 
Depending on the extent of these reactions, both the composition of soil N and 
the availability of N to plants will vary. Although a comprehensive review of published 
work on the individual processes is beyond the scope of this thesis, it is appropriate to 
emphasize some findings relevant to the present study. Since the present work is 
concerned mainly with availability of ammonium- and nitrate-N, the nitrification process 
and the means by which nitrate-N is lost from a soil-plant system, this review is 
restricted to urea hydrolysis, nitrification, denitrification, nitrate leaching and ammonia 
volatilization with emphasis on effects of liming/pH and nitrification inhibitors on these 
processes. 
2.1.1 Forms of soil nitrogen and plant availability/ utilization 
Forms of nitrogen in soils can be categorized broadly as organic or inorganic. 
The composition of these two categories of N varies in relation to the history of land 
use, vegetation, topography, cultural practices, climate, soil parent material, and 
subsequent pedogenic processes (Haynes, 1986a). Over 90% of the N in the surface 
layer in terrestrial ecosystems occurs in organic forms (Stevenson, 1982a). The rest 
exists mainly in about seven different inorganic forms (nitrates, nitrites, ammonia, 
exchangeable and nonexchangeable ammonium, dinitrogen gas, and nitrous oxide). 
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2.1.1.1. Organic N: Organic N has been categorized into two main fractions i.e. 
acid-insoluble N and acid-hydrolysable N. The products of acid hydrolysis of the latter 
fraction include ammonia-N, amino acid-N, amino sugar-N and "hydrolysable 
unknown-N" (HUN) (Kowalenko, 1978; Stevenson, 1982a). The relative proportion 
of these forms of N in agricultural soils is affected by climate, vegetation, and 
agricultural practices (Sowden et al., 1977) such as tillage, irrigation and liming. 
When mineralization takes place organic N declines but the decline is not spread 
uniformly over all the fractions (Ladd and Paul 1973). Research on the dynamic nature 
of organic Nin soil indicates that there is anZ:~stevenson, 1982b) 
in soil. Two basic features of this cycling are the transfer of nitrogenous metabolites of 
microorganisms into stable humus forms and their mineralization to inorganic mineral 
forms that can in tum be utilized by micro-organisms to again form a part of the 
microbial biomass (immobilization). 
Recognition of the simultaneous occurrence of mineralization and 
immobilization processes has led to the introduction of the term "Mineralization 
Immobilization Turnover" (MIT) (Campbell, 1978). The magnitude and direction of 
MIT depends mainly on the ratio of substrate energy (carbon) to nitrogen (C/N) in the 
organic matter undergoing decomposition. During decomposition carbon is used as 
the proton donor and N as a cell constituent by heterotrophic microflora. Therefore, 
the C/N ratio is an approximate indicator of the favoured direction of MIT. If the C/N 
ratio is high, C is released as Carbon dioxide while N is retained in organic forms and 
net immobilization results. If the C/N ratio is low, net mineralization occurs. This 
brief description is an excessively simplified account of a rather complex process. 
Organic N in soil is fairly stable but is not inert. It can be considered as a 
temporary reservoir in which the N is protected for short term from N losses. As 
immobilized N becomes available in the plant use at some stage via mineralization, the 
use of the term "immobilization losses" in the same sense as ammonia volatilization and 
denitrification by Hendrickson et al., (1987) may be inappropriate. 
2.1.1.2. Inorganic N: This includes ionic and molecular forms of N in the soil 
solution and mineral N bonded/sorbed to soil colloids. The main forms of inorganic N 
include ammonium (exchangeable ammonium, 'fixed' ammonium), ammonia (gaseous 
and aqueous), nitrite and nitrate (usually in the aqueous form), other oxidized forms of 
nitrogen (e.g. hydroxylamine, nitric oxide, nitrous oxide and nitrogen dioxide), azides, 
and molecular N. Ammonium and nitrate are the two agronomically important 
constituents of the inorganic-N pool. 
Ammonium-N and ammonia can be held by soil colloids (clay minerals and 
organic matter) thereby restricting its movement relative to free-moving nitrate and 
nitrite in the soil solution. However, as Black and Waring (1976a-c) demonstrated, 
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some soils (e.g. krasnozems) have enough anion exchange capacity to restrict the 
movement of nitrate-N as well. 
Two types of ammonium binding by clay minerals have been described i.e. 
exchangeable and nonexchangeable (Nommik:, 1965a). Non-exchangeable forms are 
also described as "fixed" since they are not readily released to soil solution. The 
following order of decreasing ammonium fixing capacity for different clay minerals has 
bee~ reported~ 
~~illite (may or may not fix ammonium depending on the degree of 
weathering beidellite, montmorillonite, (does not fix under moist conditions, while 
kaolinite does not fix ammonium (Stevenson, 1982). 
The ammonium-fixing capacity of a soil significantly influences mineral N 
cycling and availability of N for plants and microbes. Several workers have studied 
the availability of fixed ammonium to plants (Bower, 1951 and Kowalenko, 1978). 
Results suggest that soils rich in vermicullite show the lowest availability of fixed N 
while montmorillonite shows the highest availability amongst the 2: 1 clays tested. 
However, it is interesting to note that Freney (1964), suggested that ammonium 
fixation in soil was largely a laboratory phenomenon due to the use of extractants 
containing potassium ions which trap exchangeable ammonium or to the use of 
reagents that decompose organic nitrogen compounds. 
Exchangeable ammonium-N is held at negatively charged sites on soil colloids 
and is replaceable by other cations (Ca and H). The organic fraction also contributes to 
the total cation exchange capacity of a soil. The fixation of ammonium or ammonia by 
organic matter takes place by dissociation of -COOH groups of organic acids and -OH 
groups of phenolic compounds giving rise to negatively charged sites (Mortland and 
Wolcott, 1965; Nommik & Vahatras, 1982). Findings also indicate the presence of 
additional binding forces, e.g. physical sorption of ammonia by coordination involving 
metal cations such as Cu2+ and Fe3+(Mortland, 1966) and by hydrogen bonding 
(Jensen, 1973). As fixation by adsorption to organic matter usually occurs to a 
significant degree only in soils containing high levels of organic matter (Nommik and 
Nilsson, 1963) and has little relevance to the work presented in this thesis, this aspect 
will not be discussed further. 
Cation exchange and ammonium fixation capacities of soils are important in 
restricting leaching and volatilization losses following addition of fertilizer N as 
ammonium or urea. Loss of ammonium-N can be significant in soils with very low 
CEC. 
On the other hand retention of ammonium by soil may affect N utilization by 
plants. There is little information on the effects of ammonium fixing capacity of soil on 
N utilization by plants (Nommik and Vahatras, 1982). Axley & Legg (1960) after a 
series of experiments reported that plant uptake of N from soil to which ammonium 
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capacity unless sufficient K was present to block the release of ammonium. Walsh and 
Murdock (1963) also stated that ammonium fertilizers should not be applied with K 
fertilizers to soils having high fixing capacities. Black and Waring (1972) showed that 
virtually all recently fixed ammonium in krasnozems was completely available to plants 
only when these soils were cropped successively. They also confirmed that native clay-
fixed ammonium was normally unavailable to plants as reported earlier by Martin et al., 
(1970). 
The interaction between the availability of ammonium and nitrate N in soil and 
plant "preference" for either of these forms may affect the results of experiments 
carried out to determine the effects of different forms of mineral N on plant growth. 
Hageman (1980), and Hocking et al., (1984), confirmed the earlier observations of 
Amon (1937) and Hewitt (1970), that most plant species grow better when supplied 
with nitrate-N than with ammonium-N. Nevertheless for some plants grown in 
solution cultures or under other controlled conditions, ammonium has been shown to 
be the preferred source of nitrogen (Watson, 1986). Hageman (1984), in a later 
review, concluded that this question of preference remains unanswered largely 
because of technical difficulties in evaluation, such as inherent differences in the 
behaviour of the two ions in soil, the effect of companion ions and pH changes 
accompanying their absorption. Also, it is not clear whether this so called 
"preference" of plants growing in soil for one particular form of N has anything to do 
with the plant's physiological capability to select N or whether it is just the apparent 
availability of the form of N. This is because in most arable soils added ammonium-N 
is rapidly nitrified before utilization by plants or while nitrate-N remains completely 
available to plants. 
Nitrate and nitrite (the latter in much lower amounts in most agricultural soils) 
are the two major oxidized forms of inorganic N in soil. The presence of these forms 
is mainly via nitrification of ammonium released from fertilizers and/or organic matter, 
addition of nitrate-containing fertilizers, and some minor amounts via irrigation and 
rainfall (Wetselaar and Hutton, 1972). Other minor N oxides (nitrous oxide, nitric 
oxide) are formed as intermediates of nitrification and/or denitrification processes. 
2.1.2. Urea hydrolysis and urease activity in soils 
Hydrolysis of urea can be considered as the first step of a series of reactions 
that occur following addition of urea to soil. Urea added to soil undergoes rapid 
hydrolysis due to the presence of an enzyme urease (urea amido-hydrolase, EC 
3.5.1.5). Although some authors have suggested a slow non-biological breakdown of 
urea (Chin and Kroontje, 1963; Raison & McGarity, 1978) others have disagreed 
(Rachhpal-Singh & Nye, 1984) suggesting that if such non-enzymatic degradation of 
urea did occur it would be of little significance. 
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Urease is found in most surface crop residues and is produced by a wide range 
of microorganisms (Voss, 1984). It may occur naturally either as an endocellular or 
extracellular form (Mulvaney & Bremner, 1981). In the extracellular environment 
urease may resist degradation by formation of complexes with soil clay and organic 
matter fractions (Theng, 1979; Boyd and Mortland,1985). 
2.1.2.1. Factors affecting urease activity : The level of urease activity varies 
from one soil type to another. However, results of work on factors affecting urease 
activity cannot be compared directly as different assay methods have been employed 
and results have been expressed in a variety of units. Mulvaney and Bremner (1981) 
attempted such a comparison with limited success. 
Despite differences in methodology, many observations indicate that urease 
activity is positively correlated with soil organic matter content (Dalal, 1975; Rao, 
1977; Zantua et al. . .1977; Myers and McGarity, 1968). The effects of other soil 
factors such as pH, total N, CEC, particle size distribution and moisture content and 
also type of vegetation, on urease activity are not clear. The present review has been 
restricted mainly to findings on the effects of added urea, soil pH, and liming on 
urease activity and on the stability of urease in soils. 
Overrein and Moe (1967) showed that hydrolysis of urea followed first order 
kinetics. Subsequently, Dalal (1975), Douglas and Bremner (1971) and Zantua and 
Bremner (1977) showed that urease activity increased paralleled to urea concentration 
only until the enzyme present was saturated by the amount of urea added. Thereafter 
the rate was independent of substrate urea concentration. Laidler and Hoare (1949) 
and recently Rachhapal-Singh and Nye (1984) reported that when urea concentration 
was increased further, urease activity may even decrease. After ruling out the 
possibility of product inhibition of urease, they attributed the decline in urease activity 
to some form of substrate inhibition. Monreal et al., (1986) reported partial urease 
inhibition following increase in substrate urea concentration beyon~ 5mM and 
complete inhibition at 80 mM. 
In discussing enzyme stability in soil, Burns (1982) stated that generally, 
exocellular enzymes may be immobilized on organo-mineral complexes. He referred 
to a review by Theng (1979) on studies of the interaction of urease with clay particles 
that indicated H-bonding and ion-dipole co-ordination between the enzyme and 
organo-mineral complexes. Studies by O'Toole & Morgan (1984) confirmed these 
findings. This would mean that some of the bonding is pH-dependent and that soil 
reaction could be expected to influence enzyme activity. This may partly explain the 
pH-dependence of urease activity observed by other workers (Silva and Perera, 1971; 
Rao, 1977). However, Dalal (1975) and Zantua and Bremner (1977) found no 
significant correlation between urease activity and soil pH. Even among the reports 
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that support pH-dependence of urease activity there are considerable differences in the 
pH optima observed. Hoffmann (1963) and Pettit et al., (1976) reported an optimum 
pH range of 6.5-7.0, while maximum activity at pH 8.8-9.0 has been recorded by 
Tabatabai and Bremner (1972) May and Douglas (1976), and Rao (1977). 
Investigations by Rachhapal-Singh and Nye (1984) recently supported the lower pH 
range for maximum activity when they found that the maximum rate of enzyme-
mediated reaction occurred in the range pH 6.0-6.8. However, they agreed that this 
need not necessarily indicate the optimum pH for activity because the Michaelis 
constant (Km) and the inhibition constant (Ki) of enzyme reactions are also affected by 
pH. 
Reported responses of urease activity to liming vary. Moe (1967) and Peltser 
(1972) found a significant decrease in urease activity due to liming whereas Zantua 
and Bremner (1977) reported the opposite. Later Mulvaney and Bremner (1981) 
dismissed Peltser's findings as due to defective experimental technique but the 
observation by Moe was supported recently by Kumar and Wagenet (1984), when 
they concluded that addition of up to 8% Calcium carbonate resulted in a considerable 
decrease in urease activity in their soil. Earlier, Galstyan (1958) observed that 
calcareous soils could have low urease activity. He attributed this to a possible 
detrimental effect of Ca2+ on urease-producing microorganisms, a hypothesis 
supported by Carter (1986) who found that lime mixed with gypsum had a deleterious 
effect on soil microbial biomass activity. The differences in observations reported in 
the literature, underline the need for further research to clarify possible effects of pH 
changes and associated ions in liming materials on urease activity. 
Since soil urease is predominantly microbial in origin factors that promote 
microbial growth can result in increases in the level of urease in soils. Agricultural 
inputs such as fertilizers (Zantua and Bremner, 1977) pesticides (Cerevelli et al., 
1975), heavy metals (Bremner and Douglas, 1971) and organic matter are known to 
influence levels of urease activity. No significant effect on urease activity due to 
nitrification inhibitors has been reported (Mulvaney and Bremner, 1981; Voss, 1984). 
However urea hydrolysis is affected by another group of chemicals known as 
urease inhibitors. They have given promising results in delaying urea hydrolysis and 
thereby reducing ammonia loss (Voss, 1984). However, the loss of ammonia 
following application of ammonium sulphate cannot be controlled by this technique 
(Fillery and De Datta, 1986). On the other hand, Hendrickson et al.,(1987) suggested 
that addition of the urease inhibitor "PPD" (phenyl phosphorodimaidate) with urea 
may promote immobilization of N thus reducing the availability of N for plant uptake. 
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2.1.3. Nitrification 
Microbially mediated conversion of ammonium into nitrate is known as 
biological nitrification. Recent reviews on nitrification include those by Focht & 
Verstraete (1977); Belser (1979); Schmidt (1982) Haynes (1986c) and Prosser 
(1986a). 
2.1.3.1. Autotrophic and heterotrophic processes in the soil 
environment: 
There are two different metabolic processes of biological nitrate formation. 
These are heterotrophic nitrification and autotrophic nitrification. The autotrophic 
process predominates in most agricultural soils and is therefore the main topic of 
this review. However autotrophic nitrification is rather low in strongly acid soils, 
where the heterotrophic process is the major means of nitrate formation. 
Activity of heterotrophic "ttrifiers was first reported by Mishustin in 1926, 
while autotrophic nitrification was reported as early as the 1890's by Winogradski. 
and has received greater attention (Duggins, 1984). This is partly because of the 
earlier belief that heterotrophic nitrification occurred only in vitro. However, 
several reports have been published lately emphasizing its importance in natural 
systems. Focht & Verstraete (1977) found the rate of heterotrophic nitrification is 
103-104 times slower than that of autotrophic nitrification under optimal 
conditions. Van de Dijk & Troelstra in 1980, using an approach proposed by Focht 
and Verstraete (1977), demonstrated the activity of heterotrophic nitrifiers in an 
acid heath soil (pH 4.3). The predominance of heterotrophic nitrification in acid 
soils was later confirmed by Duggins (1984) and Adams (1986). 
Unlike autotrophic nitrifiers that oxidize ammonium independently of 
organic nitrogenous compounds, heterotrophic nitrifiers depend on the oxidation of 
organic amino compounds or other organic intermediates containing N for their 
energy requirements (Verstraete and Alexander, 1972; Focht and Verstraete, 1977). 
Addition of ammonium had no effect and sometimes even inhibited heterotrophic 
nitrification (Focht and Verstraete, 1977). However, there are few reports that 
indicate the presence of an inorganic pathway for heterotrophic nitrification 
(Kilham, 1986). At some stage partly oxidized inorganic N compounds are 
incorporated into organic molecules via enzymic activity (e.g. glutamine synthetase 
converts glutamic acid and hydroxylamine in the presence of Mg ions and A TP into 
glutamyl hydroxamic acid as shown by Waelsch, 1972). This latter example of 
ability to use inorganic N may imply that heterotrophic nitrifiers either are a diverse 
population or that some heterotrophs are capable of adapting to utilize inorganic N 
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when available under suitable conditions such as acid pH. However, experiments 
with nitrification inhibitors have shown that heterotrophic nitrifiers are generally 
unaffected by inhibitor activity implying that heterotrophs use organic N sources for 
the most part (Prosser, 1986b). 
The autotrophic nitrifiers fall into two categories: primary nitrifiers and 
secondary nitrifiers. Primary nitrifi.ers include Nitrosomonas and Nitrobacter spp. 
responsible for the production of nitrite and nitrate respectively. All other 
microorganisms capable of autotrophic nitrification are grouped as secondary nitrifiers 
e.g. ammonium oxidizers such as Nitrosolobus, Nitrosospira, and Nitrosococcus and 
nitrite oxidizers such as Nitrospina, and Nitrococcus. The term "secondary 
autotrophic nitrifiers" is used for organisms that appear to be present in far fewer 
numbers than the primary nitrifi.ers and have narrower optimum temperature and pH 
ranges for growth (Watson, 1974). It may be noted that Bhuiya and Walker (1977), 
suggested that Nitrosomonas may not be the major organism responsible for 
conversion of fertilizer ammonium to nitrite, but there is a need for further evidence to 
fully substantiate this suggestion. The primary nitrifiers oxidize ammonium to nitrite 
via several intermediate compounds. However, during nitrification, nitrite does not 
accumulate in soil unless the soil pH is too high (more than pH 7.5-8.0, Wetsellar, 
pers. commun) for growth of Nitrobacter species that rapidly oxidize nitrite into 
nitrate. Incidentaly, this latter oxidation is much faster than the oxidation of 
ammonium to nitrite which is therefore the rate limiting reaction. 
Use of carbon dioxide as the major carbon source by nitrifying bacteria, 
(except for certain strains of Nitrobacter), requires an exceptionally high energy 
expenditure. Nearly 80% of total autotrophic energy produced by oxidation of 
ammonium or nitrite is used in fixing C from carbon dioxide (Forrest and Walker, 
1971). This is the reason for slow growth rates of nitrifiers, with minimum doubling 
time of 7hrs for ammonium oxidizers and 13 hrs for nitrite oxidizers (Wood, 1986). 
In using ammonium and nitrite as their sole energy source nitrifiers produce 
several specific intermediate products such as hydroxylamine, nitric oxide and nitrous 
oxide. For production and handling of these compounds, nitrifiers possess several 
specific enzymes (such as ammonium monooxygenase, hydroxylamine 
oxidoreductase) and special cytoplasmic structures (Prior and Dalton, 1985). 
Scientists have targeted these specific nitrification enzymes and/or the ability to 
produce them, in their attempts to develop specific nitrification inhibitors. 
2.1.3.2. Effect of soil pH and natural inhibition of nitrification: The 
main factors that affect nitrification include, soil reaction (pH), temperature, 
ammonium concentration, level of oxygen and carbon dioxide, and presence of natural 
and/or added inhibitory agents (Focht and Verstraete, 1977). 
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Nitrification has been reported at pH levels as low as 3.9 and as high as 11.2 
(Focht and Verstraete, 1977). However the growth rate of autotrophic nitrifiers 
declines dramatically when soil pH is decreased (Schimdt, 1982). Plant growth and 
agricultural practices such as the addition of chemical fertilizers, liming, drainage and 
flooding can affect soil pH thereby influencing the nitrification process. On the other 
hand, because of narrow species diversity and the relatively simple reaction pathway, 
change in a single environmental factor like pH may have a measurable and predictable 
affect on autotrophic nitrification (Watson, 1974). Although most of the factors 
mentioned above can have significant effects on the nitrification process, the present 
review deals mainly with the effect of soil pH and liming on nitrification and factors 
inhibiting the process. 
Growth of nitrifiers is most favoured in the pH range 7 .0 to 8.0 and ceases 
below 5.0-4.5 or above 10-11 (Focht and Verstraete, 1977). Nevertheless, Schimdt 
(1982), commenting on reported differences in pH limits for nitrification described 
this as " ... a long standing anomaly that is no closer to resolution than it was in 1932 
when Wak:sman reviewed the literature to note that nitrification ceased at pH 3.9-4.0 
and the nitrifying bacteria isolated from acid soils may be somewhat adapted to such 
soils." According to recent works the formation of nitrate-Nin strongly acid soils can 
be attributed to heterotrophic nitrification (Focht and Verstraete, 1977, Belser, 1979; 
Duggins, 1984; Adams, 1986). The two processes can be discriminated easily 
because the heterotrophic process will diminish when soil pH is increased while the 
autotrophic process steadily increases until the environment is mildly alkaline (pH2:8). 
Morill and Dowson (1967) characterized four basic types of autotrophic 
nitrification patterns based on nitrifier response to soil pH. The first type occurred in 
soils with pH of 7.9 in which ammonium was oxidized rapidly with accumulation of 
nitrite, while the nitrite was oxidized only after most of the ammonium disappeared; in 
the second type (pH 6.4), the oxidation of both ammonium and nitrite was rapid with 
no accumulation of nitrite. In type 3 (pH 5.4) the pattern was similar to type 2 but the 
rate of each process was markedly low; in the fourth type (pH 5.l)there was no 
detectable nitrate formation. The inhibition at the two extremes of pH has been 
attributed to ammonia (in alkaline soils) and undissociated nitrous acid (in acid soils), 
each being toxic to Nitrobacter. More recent work suggests that, a soil with an 
apparently unfavorable bulk pH, may still allow nitrification to proceed due to more 
suitable pH of the microsite (soiVfert:ilizer/microbe) environment. It is reported that 
microsite pH levels of 7 .5-8.0 are optimal for nitrification while nitrite accumulation 
can occur when microsite pH level exceeds 8 (Hauck, 1984). 
In addition to the pH effect, increase in salinity associated with application of 
mineral fertilizer can affect nitrification as can addition of lime and inorganic pesticides 
(McClung and Frankenberger, 1985). However, in their experiments, the salt 
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concentrations that gave significant inhibition of nitrification were around 15-20dS m-
l or more (depending on the salt used, i.e. NaCl, CaCl2, or Na2S04) which are 
extremely high in comparison with levels found in most arable soils. Such high salt 
concentrations may cause extremely high microsite osmotic pressures that may not be 
tolerable by soil microflora. Martikainen (1985), investigating the effect of urea, 
ammonium sulphate and potassium sulphate on nitrification in a forest soil(pH 4. 7) 
showed that when these fertilizers were applied at recommended rates, the two salts; 
ammonium sulphate and pottasium sulphate but urea inhibited nitrification. He 
concluded that this inhibition was due to decreased soil pH rather than an osmotic 
effect. 
Effects of liming on nitrification have been well documented and generally 
indicate that autotrophic nitrification can increase markedly following lime application 
(Adams and Martin, 1984). Pang et al., (1975) showed that increase in nitrification 
following liming was due to increase in soil nitrifier population with increased pH. 
They used two nitrifying soils, one with a much higher nitrifier population than the 
other, to demonstrate that while increased soil pH resulted in increased nitrification in 
both soils nitrification in the soil with the lower nitrifier population remained 
considerably below that for the soil with the originally higher nitrifier population. It 
has been reported that liming of some acid soils was followed initially by a decline in 
nitrification followed by a subsequent increase in rate of nitrate formation (Weier and 
Gilliam, 1986). They attributed the initial decline to inhibition of the heterotrophic 
nitrification process with increasing soil pH. The initial decline occurred because 
autotrophic nitrification in the initial stages had not picked-up sufficiently to 
compensate for the reduction in heterotrophic nitrate formation. 
Nitrification has been shown to be affected also by root exudates, metabolic 
by-products and decomposition products of organic residues via inhibitory effects on 
nitrifiers (Clark and Paul, 1970). Inhibition of nitrification in some natural 
environments such as forest floors (Olson and Reiners, 1983) peat, grassland soils 
(Robinson, 1963), and soils of tea plantations (Krishnapillai, 1979; Wickramasinghe 
et al., 1985) indicates the presence of naturally occurring environmental factors that 
inhibit the growth of nitrifiers (Keeney, 1980; 1986a). It is suggested that in addition 
to the acid soil conditions of environments such as pine forest floors and tea plantation 
soils, polyphenolic compounds in these soils may inhibit nitrification (Krishnapillai, 
1979; Lodhi & Killinbeck, 1980; Olson & Reiners, 1983; Baldwin et al., 1983). 
However other workers have found no such effects in polyphenol-rich soil subjected 
to incubation (Sivapalan et al., 1985). Although no definite mechanism has been 
proposed for inhibition by polyphenolic compounds, the observation of Azhar et al., 
(1986 a,b &c) that nitrite formed during nitrification could bind with polyphenols, 
thus preventing its use by autotrophic nitrifiers, may offer an explanation. Lensi et al. 
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(1986) tried a different approach to explain the absence or low rate of nitrification in a 
forest soil by proposing that the litter layer on the forest floor could be a barrier for 
oxygen diffusion thus creating anaerobic conditions unfavorable for nitrifiers. 
However this explanation will not hold for tea plantations since there is no significant 
ground cover to prevent free aeration (pers. experience). Further evidence of 
nitrification inhibition by natural products comes from the works of Sahrawat (1980) 
who found that neem cake extracted from Kranjin seeds had an inhibitory effect. 
Also, high levels of ammonia sometimes found in soil can be toxic to nitrite 
oxidizers, and will result in accumulation of nitrite (Boon & Lauderlot, 1962; Watson, 
1971). High nitrate concentrations, on the other hand can non-competitively inhibit 
nitrite oxidation by Nitrobacter (Boon and Lauderlot, 1962). When nitrite 
accumulates, it could become toxic to ammonium oxidizers thus completely inhibiting 
the nitrification process. This inhibition may be reversed when sufficient oxygen and 
carbon dioxide is available for Nitrobacter activity (Fliermans and Schmidt, 1975). 
Autotrophs could be indirectly affected by the C/N ratio of the environment. A 
high C/N ratio may suppress nitrification by favouring heterotrophic N immobilizers 
and ammonifiers that are better competitors for ammonium Nin soil (Jansson, 1958). 
2.1.3.3. Consequences of nitrification and needs to control the 
process:Nitrate nitrogen may be removed from soil by leaching, denitrification or by 
plant absorption. Leaching and denitrification have been identified as major processes 
by which N may be lost from the most plant/soil system. Although, plant uptake of 
nitrate is generally considered as beneficial, high levels of soil nitrate N may lead to 
excess plant uptake resulting in excess vegetative growth stimulated by nitrate-N at the 
expense of reproductive development. Excess soil nitrate-N has been found to 
decrease phosphorous and sulphur absorption while ammonium increased phosphorus 
uptake in wheat (Nielson et al., 1967). Furthermore, nitrate leaching, in addition to 
being uneconomical and environmentally unfavorable, causes acidification of soils 
since the removal of anion is accompanied by equivalent cation, mainly Ca (also Mg 
and Na). In contrast, ammonium-N is held in the cation exchange complex of most 
soils and is much less subject to loss by leaching. As most plants have no apparent 
preference for either ammonium or nitrate (Hageman, 1980) it would seem that 
regulation of nitrification is the most logical way to avoid the adverse consequences of 
excess uptake and/or loss of soil nitrate. 
Although the factors that affect nitrification can be altered to delay or prevent 
the nitrification process, the use of nitrification-inhibitory chemicals is considered as 
one of the most effective and direct ways of preventing excess nitrate formation 
(Amberger, 1983). A wide range of chemicals capable of inhibiting nitrification has 
been discovered (Hauck, 1972) and many have been developed for commercial 
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application since 1967. In addition many agricultural chemicals used for other 
purposes (e.g. fertilizers and pesticides) have been found to inhibit one or more steps 
of the nitrification process (Bundy and Bremner, 1973). However before discussing 
work on nitrification inhibitors it is appropriate to consider the salient aspects of N 
losses and their consequences since the primary objective of using these chemicals is 
to reduce such losses. 
2.1.4. N losses from plant-soil systems 
Nitrogen losses occur when soil nitrogen is moved beyond the reach of roots 
or shoots. Nitrogen is lost from soil by escape of gaseous forms (e.g. nitrous oxide 
& dinitrogen and ammonia), leaching and run-off, and removal via harvested plant 
products. Although some workers (Hendrickson et al., 1987) have described 
immobilization of N as a loss such temporary or long term unavailability of mineral N 
due to phenomena such as ammonium fixation on clay minerals and 
biological/chemical immobilization of N will not be considered as losses in this review 
since nitrogen is not lost from the plant/soil system. 
2.1.4.1 Gaseous loss of N: Recently Freney & Simpson (1983) edited a 
compilation of reviews of work carried out on gaseous forms of N loss. Other recent 
reviews include those by Haynes & Sherlock (1986), Nelson (1982), and Terman 
(1979). 
Denitrification: The biochemistry of the denitrification process and factors 
affecting it have been investigated and reviewed by Focht and Verstraete (1977), 
Firestone (1982) and Fillery (1983). A short review by Colbourn & Dowdell (1984), 
dealt with effects of agronomic factors on denitrification and summarized salient 
developments from 1976 to 1983. 
Early workers considered denitrification only as a nitrate reduction process 
yielding gaseous nitrogen for completion of the nitrogen cycle. This is one reason 
why denitrification received less attention than other N transformation processes. 
However increased use of nitrogenous fertilizer has prompted scientists to study the 
process from different perspectives. For example, nitrous oxide evolved as a result of 
incomplete denitrification contributes to depletion of the stratospheric ozone layer 
(Crutzen and Ehhalt, 1975). 
Fewson & Nicholas (1961) divided biological nitrate reduction into two forms, 
i.e. nitrate assimilatory and nitrate dissimilatory processes. Denitrification is a nitrate 
dissimilatory process by which nitrogenous gases are formed. Early reports identified 
most denitrifying bacteria as facultative anaerobes (Simpson & Freney, 1974). Mor:e 
recent studies have shown that most of these bacteria are aerobes with few exceptions 
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such as some Bacillus spp. which unable to grow by fermentation are capable of 
anaerobic respiration, utilizing nitrate as an alternative electron acceptor (Fillery, 
1983). It has been confirmed that denitrification occurs mainly under restricted 
oxygen supply or under completely anaerobic conditions (De Datta, 1981). As for 
many other microbially-mediated processes, denitrification is also influenced by 
environmental factors (e.g. pH, temperature, aeration/moisture) and introduced factors 
(e.g. lime, agricultural chemicals). However since the species diversity of denitrifiers 
is greater than that of nitrifiers (Fillery, 1983) their overall responses to changing 
environmental factors may not be as marked as those involving nitrifiers. 
Nitrite is the immediate product of nitrate reduction in both nitrate-respiring and 
denitrifying bacteria. While nitrate-respiring bacteria will not reduce nitrite further 
denitrifying bacteria continue to do so (Focht and Verstraete, 1977). During the 
process nitric oxide and nitrous oxide are produced as intermediates. Under strongly 
to mildly acidic conditions nitrite decomposes rapidly but may accumulate under 
alkaline conditions (Vancleemput and Baert, 1984). Although nitrite rarely 
accumulates in agricultural soils there is evidence for its accumulation under particular 
conditions, such as high ammonium concentrations with increased soil pH (Wetselaar, 
pers. comm.), low temperature, higher moisture content and depleted oxygen and 
available C supply (McGarity and Myers, 1968). 
Although several soil factors such as organic matter content, temperature, and 
moisture/aeration status are known to influence denitrification only those factors 
directly related to the present project have been considered. These factors include level 
of nitrification/nitrate concentration in soil and soil pH. 
The early belief that denitrification was independent of nitrate concentration has 
changed in the light of subsequent findings showing that denitrification obeyed first-
order kinetics (Balakrishnan & Eckenfelder, 1969; Starr and Parlange, 1975). In fact, 
the concentration of nitrate may influence the selection of different denitrifying bacteria 
that become active in a particular environment. Blackmer and Bremner (1978) showed 
that high nitrate concentration may inhibit the reduction of nitrous oxide to gaseous 
nitrogen thus altering the end product ratio of denitrification. Since nitrification is the 
major, if not the only means of nitrate build-up in soils, the control of nitrification in a 
soil with high denitrification potential is a logical method of controlling potential N 
losses. 
The common denitrifying bacteria have pH optima similar to those of general 
bacterial flora (i.e. in the pH range 5-9 with peak activity between 7-7 .5)(Focht and 
Verstraete, 1977; Firestone, 1982). Generally, denitrification is slower in acid soils 
(<pH 5) than in near neutral soils (>pH 6) (Adams and Martin, 1984). 
However,change in soil pH appears to affect denitrification products more than the 
organism's activities. For example, Nommik (1956) observed that nitrous oxide 
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production is greater at lower pH (pH <7) while Wijler and Delwich (1954) reported 
that Nitrous oxide reduction was less below pH 6.0. They also found Nitric oxide to 
be the dominant product below pH 5.0. Cooper & Smith (1963) and Fillery (1979) 
found no significant effect due to soil pH on denitrification from soils of different 
native pH values and from soils of long-term liming trials. 
In addition to biological denitrification, (inorganic) chemical denitrification in 
soils is also known (Smith & Chalk, 1980, Chalk and Smith, 1983). Although not 
directly related to the work reported in this thesis, the occurance of inorganic chemical 
denitrification emphasizes the importance of inhibiting nitrification at a stage before 
nitrite is formed. This is because nitrites formed during nitrification (and/or biological 
denitrification) may undergo chemical reactions to form gaseous nitrogenous 
compounds via a side-tracking process described as "chemo-denitrification". This has 
been found to occur when oxidation of nitrite by Nitrobacter is inhibited by ammonia 
(Bundy & Bremner, 1974a). The usual pH range of this inhibition is between 7 .00 
and 8.00. However, it may be noted that although these two authors suggested that 
nitrite accumulation was a prerequisite to chemo-denitrification, Smith & Chalk (1980) 
showed this was not necessarily a prerequisite. 
Because of the pH dependence of the reaction, liming will reduce chemo-
denitrification in acid soils. Earlier Van cleemput and Patrick (1974) reported that the 
level of nitrate-N was reduced during chemo-denitrification and the rate of reduction 
increased with decreasing soil pH because more H ions were available to combine 
chemically with nitrate to form nitrogen and water (Adams and Martin, 1984 ). 
Therefore, it appears that liming may reduce the potential loss of N due to chemo-
denitrification. However, it should be noted that there appears to be no general 
agreement about the exact mechanism(s) of chemo-denitrification. 
Application of agricultural chemicals to soil may also change microsite pH, 
composition of soil microbial population and soil N levels. For example, addition of 
ammonium fertilizer to a warm wet soil that subsequently became waterlogged was 
followed by substantial denitrification losses (Wetselaar et al., 1973). Freney et al. 
(1985) demonstrated that urea applied in irrigation water to a commercial sunflower 
crop on a calcareous, cracking clay soil resulted in substantial loss of N, presumably 
by denitrification. Further evidence for increased denitrification following nitrogen 
fertilizer application in field comes from, Craswell (1978) and Saffigna et al.(1984a) 
who showed that losses ranging from 6 to 30 % of the applied fertilizer-N occurred 
due to denitrification. Later workers found that highest losses resulted from calcium 
nitrate application when compared to urea or ammonium sulphate. However, Dowdell 
and Webster (1984) found no significant denitrification N losses with calcium nitrate 
compared to ammonium nitrate and urea, when added to field lysimeters cropped with 
cut grass swards. These variations may have resulted due to differences in factors 
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such as soil pH, organic matter content, denitrifying population and the type of crop 
use. 
Denitrification may be either retarded or inhibited by agricultural chemicals 
such as nitrification inhibitors (Hauck 1972 and Mills and McElhannon 1984), 
insecticides, herbicides and fungicides (Yeoman and Bremner, 1985 a,b). Although 
the significance of denitrifi.cation inhibitory compounds has not been highlighted in the 
literature, agricultural systems involving flooded field conditions (e.g. rice fields with 
poor drainage), where ammonia volatilization loss is high or where nitrite accumulates 
(e.g. in alkaline conditions) or in a situation similar to one described by Freney et al. 
(1985) where high denitrification loss was recorded, the use of denitrification 
inhibitors together with nitrate fertilizers may be beneficial. Such chemicals should be 
specific enough to inhibit the nitrate reduction step rather than nitrite reduction. The 
possible development of denitrification inhibitors has been discussed recently by 
Hauck (1983) who expressed doubts on the practicalities of using such chemicals to 
control the activity of denitrifying organisms in the field. He argued that only nitrite 
and nitrate close to the ; . .added , 'inihibitor would be protected against denitrification. 
Nitrate that moved out of the inhibitor's influence would be subject to denitrification. 
He proposed that a denitrifi.cation inhibitor applied as a soil fumigant might solve this 
problem. However, it may be noted that this and other problems such as the need to 
find chemicals that are specific to denitrifiers, non-toxic to beneficial fauna and flora, 
resistant to degradation and economical to use, are common to the development of 
most agrochemicals. Even if these requirements were satisfied, Hauck (1983) thought 
that any direct chemical control of denitrification in soil would be very difficult 
because of the diversity of soil denitrifiers (Payne, 1981). For the same reason, 
Keeney (1986a) found it difficult to accept results that demonstrated inhibition of 
denitrification (e.g.Rolston and Cerevelli, 1980; McElhannon and Mills, 1981; Mills 
and McElhannon, 1984 and McElhannon et al., 1984) by pesticides, herbicides and 
nitrification inhibitors. However, recent finding that Nitrosomonas can also denitrify 
nitrite (that may form due to partial denitrification of nitrate added to soil) to nitrous 
oxide (both in poorly aerated and aerobic soils), and may contribute significantly to 
nitrous oxide emission from soil (Poth and Focht, 1985; Blackmer et al., 1980; 
Goodroad and Keeney, 1984; Davidson et al., 1986), support the possibility of 
nitrification inhibitor mediated reduction of gaseous N loss. 
Nitrification: Further justification for inhibition of nitrification as a means of 
reducing N losses comes from the fact that N can be lost as gaseous products even 
during nitrification. Nitrite formed as an intermediate compound during nitrification 
may accumulate under alkaline conditions (Focht and Verstrate, 1977). Such nitrite 
instead of being further oxidized by nitrifiers, may be reduced to nitrous oxide. 
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Davidson et al. (1986) and Poth and Focht (1985) pointed out that nitrous oxide 
production from nitrification and denitrification could occur simultaneously in the 
same soil aggregate due to microsite differences in redox potential. They found that 
nitrification-mediated Nitrous oxide production was more prominent on well-drained 
sites with an ambient supply of nitrate whereas denitrification mediated nitrous oxide 
production took precedence in poorly drained sites of the same area. 
Ammonia loss: Although ammonia loss is outside the primary concern of this thesis 
the literature on this aspect is covered briefly because it will be the main form of N 
loss if N is retained as ammonium rather than nitrate. Emphasis has been given to 
reports dealing with the effects of pH, urease activity, lime and nitrification 
inhibitors.The different forms of ammonium and ammonia take part in the following 
equilibria: 
NH4+(fixed) = NH4+ (exchange.)= NH3 (aq) = NH3 (adsorbed,aqueous, gas) 
Loss of ammonia by volatilization depends on the rate of ammonia production 
and the rapidity of its removal. The rate of production of ammonia is a direct function 
of the level of ammonium in the soil solution while its rate of removal is determined in 
part by the extent of diffusion of gaseous ammonia into the atmosphere. 
Increased soil pH promotes the conversion of ammonium-N to ammonia-N 
and its subsequent volatilization (Ryan et al., 1981; Fillery et al., 1986a,b). Ammonia 
loss from acid soils is usually negligible or absent. Hence any amendment that 
decrease soil acidity will encourage ammonia production. A vnimelech and Laher 
(1977), after studying the relative importance of initial soil pH on ammonia 
volatilization from ammonium salts applied to alkaline soils, concluded that initial soil 
pH was an important factor only when the soil buffer capacity was high or when the 
concentration of ammonium in the soil solution was high. At a given soil buff er 
capacity, ammonia volatilization increased with increasing soil pH. On the other hand, 
as ammonia volatilization proceeded, soils gradually became more acidic and ammonia 
production was reduced. Hence ammonia volatilization was more prolonged in soils 
of higher than those of lower base saturation. 
Several workers have shown that the pH in the immediate environment (i.e. 
microsite pH) of the applied fertilizer may be more important than the overall soil pH. 
This may explain substantial ammonia volatilization losses from acid soils fertilized 
with urea (Sherlock & Goh, 1984; Black et al., 1985). The pH effect on ammonia 
volatilization is directly linked to the practice of liming and urea addition to agricultural 
soils. The low potential for ammonia volatilization losses in an acid soil may 
significantly increase following these two practices unless other measures to reduce 
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ammonia levels are introduced. Introduction or retention of organic matter (to increase 
CEC), deep placement of fertilizers, timing of application, and irrigation immediately 
after fertilizer placement are some of the measures known to reduce potential ammonia 
losses (Myers et al., 1961); Terman, 1979). 
2.1.4.2 Leaching loss of N: Leaching may be the only or major mechanism of 
N loss from certain plant-soil systems involving sandy or sandy loam soils protected 
from wind erosion. When the net movement of water and solutes is downward (more 
commonly with a lateral component), it is called leaching whereas surface movement 
is termed runoff. 
Generally, nitrate and nitrite ions are lost more rapidly by leaching or runoff 
than ammonium ions that are held in the exchange complex of soil. Some N fertilizers 
like urea can also be removed quite rapidly. On the other hand nitrates may be held by 
non-specific electrostatic adsorption (Black and Waring, 1976 a,b,c). This has been 
explained as being due to anion adsorption capacity of some sesquioxidic soils with 
positively charged sites that result from iron and aluminium oxides and 1:1 clay 
minerals (e.g. kaolinite and allophane). 
Numerous attempts have been made to predict nitrate movement with varying 
success due to the interaction of many unpredictable factors such as heterogenity of 
soil texture and physical structure. Reviews on this topic include those by Wild and 
Cameron (1980), Soil Science Society of America (1983), Addiscot and Wagenet 
(1985), and Cameron and Haynes (1986). 
Factors affecting N leaching losses: These factors can be categorized into two 
groups: 
(i) those influencing the levels of nitrate in soil (e.g. nitrification and denitrification in 
relation to other N transformation processes, fertilizer application, crops grown, 
climatic conditions); and 
(ii) those factors which determine the movement of water such as climatic conditions, 
soil properties, land management and irrigation practices (Cameron and Haynes, 
1986). For leaching losses to take place, one or more factors from both categories 
need to be operative. 
Where excess water drains from the soil after infiltration the net effect of 
nitrification, denitrification and nitrate uptake capacity of crops (and anion exchange 
capacity in some soils, Black and Waring, 1976a,b,&c) determines the extent of 
nitrate leaching losses. Many workers have found that in certain ecosystems (e.g. acid 
forest floors, and in grassland soils) where nitrification is naturally inhibited due to 
acid conditions or anaerobic conditions, or by the presence of natural inhibitory 
compounds, nitrate leaching losses are either absent or negligible (Robinson, 1963; 
Martikainen, 1985; Adams, 1986). When soil acidity is the reason for low 
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nitrification potential liming may result in a significant increase in autotrophic 
nitrification rate resulting in higher nitrate levels (Nyborg and Hoyt, 1978; Adams and 
Martin, 1984). 
Rapid adsorption of nitrate by plants helps to maintain low nitrate levels and 
leaching losses. The extent of leaching from the time of fertilizer application to 
commencement of rapid plant uptake of N is of critical importance for better N 
economy. When excessive leaching cannot be controlled easily, particularly when 
crops are grown in predominantly sandy textured soils under high rainfall, artificially 
delaying nitrate formation until plants are able to take up N rapidly would help to 
restrict N leaching losses. 
Soil properties such as soil texture (Hoyt et al., 1977), hydraulic conductivity 
and organic matter content (Neilsen and McKenzie, 1977) that directly influence water 
infiltration and soil permeability also have an important effect on nitrate leaching. 
Methods of studying leaching losses: Wild and Cameron (1980) presented a 
detailed review of methods used in studies of leaching losses. Some of these methods 
include: 
Field soil sampling. Soil specimens are collected periodically from different depths 
and analyzed for ammonium, nitrate and moisture content so that movement of these 
constituents with time can be determined. However, the spatial variability of nitrate 
levels in field soils makes interpretation of the data from such studies a difficult task 
(Broadbent and Carlton, 1978). 
Lysimeter studies. Different types of lysimeters have been used for leaching studies 
some of which are ideal for the study of nitrate movements through soil. Limitations 
such as container edge effects, variable aeration conditions and preferential drainage 
pathways cause problems in interpretation of data. 
Catchment studies. These provide an integrated evaluation of leaching losses (plus 
surface run-off losses) from strictly defined catchment areas. This method is suitable 
for soils with less permeable lower horizons (e.g. duplex soils). 
Laboratory column studies Undisturbed soil columns are essentially similar to mini-
lysimeters and have the same limitations for leaching studies. Artificially packed soil 
columns are useful in studies of the movement of N through designedly uniform soil 
systems relatively free of preferential water paths or when results need to be related to 
a particular type of soil material with 'foreign matter' (such as coarse fragments and 
undecomposed vegetative parts) excluded. There may be technical difficulties in 
avoiding subsurface waterlogging and in achieving uniform aeration within the 
columns and some of these difficulties and technical solutions have been discussed in 
detail in Chapter 7. 
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2.1.4.3 Control of N losses and the use of nitrification inhibitors: 
Agronomic and environmental consequences of poor management of fertilizer N are 
well documented (Wetselaar, 1974; Keeney, 1982, Hauck, 1983). In view of the 
many reports that show rapid nitrogen loss by ammonia volatilization, denitrification 
and leaching, there is little doubt of the need for research to improve N fertilizer 
efficiency. Excess Nin the environment has also been shown to have a direct effect 
on plant growth [e.g. ammonium, nitrite and nitrate toxicities (Goyal and Huffiker, 
1984)] and on the environment [(e.g. nitrate-induced soil acidity, pollution and 
eutrophication of water ways, acid rains and depletion of stratospheric ozone 
(Stanford and Legg, 1984)) with indirect effects on human & livestock health. These 
disastrous consequences have stimulated research for means to reduce N losses from 
soil and to realize optimum crop yields. 
Because of the greater mobility of nitrate-Nin soils a common technique is to 
conserve soil N as ammonium. However the agronomic success of such action is 
influenced by site-specific factors (like CEC, N transformation, the extent of leaching 
losses) including the preference of plants to absorb N as ammonium or nitrate. A 
general answer to this latter question of plant preference is no nearer than it was a 
century ago. Hageman (1980) reviewed work on the effect of these two N forms on 
different crops. Some plants prefer ammonium while others prefer nitrate but 
generally most plants absorb more ammonium during earlier growth, shifting 
"preference" to nitrate at later stages of growth. It remains unclear whether such a 
shift is due to changing levels of availability of those N forms in soil during the 
growing season or to an actual change in plant preference. (see Section 2.1.1, page 7) 
If there is indeed no specific preference for one form of N over the other it is 
apparent that conserving soil N as ammonium rather than nitrate would be beneficial 
for reasons discussed previously. Nitrification inhibitors offer a promising way of 
conserving N as ammonium and many workers have reported increased N retention in 
soil following treatment with nitrification inhibitors (Meisinger, 1980; Amberger, 
1983). However, reports on their effectiveness in improving crop performances are 
highly variable (see Appendix 1, Prasad et al., 1971; Slangen and Kerkhoff, 1984). 
This is probably a result of variable inhibitor performance due to different soil and 
environmental factors, different techniques employed to evaluate inhibitor 
performance, and differences in active nitrifying organisms in soils (Section 2.3. of 
this chapter). 
2.2. Effect of liming on plant growth and N transformation 
Lime ameliorates soils by neutralizing acidity. The change in acidity can bring 
about changes to biological activities and chemical reactions such as N transformation 
and bonding of ions which will directly affect plant growth and the soil microflora. 
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2.2.1. Effect of liming on plant growth 
Application of lime to an agricultural soil serves the dual purpose of correcting 
pH associated problems, and supplying Ca (and/or Mg) to crops. 
Significant responses in plant dry matter production, N, P, and K uptake, 
improved root growth and yield increases following lime application have been 
reported (Mendham and Russell, 1987; Dalal, 1986; Pinkerton and Simpson, 1986). 
It is common to attribute such crop responses to lime-induced pH changes. However, 
soil pH per se has little direct effect on plant growth as most plants are known to 
tolerate pH levels beyond the critical soil pH levels reported in field experiments 
(Jarvis, 1984; Temple-Smith, 1985). The effects are rather due to pH-induced 
changes in soil chemical and biochemical activities that determine the availability of 
various elements. 
Lime is also believed to have direct affects on Al uptake (and toxicity) (Jackson, 
1967; Huett and Menary, 1979,1980) while others have shown that lime primarily 
affects the activity of microorganisms that are closely associated with plant growth or 
nutrient transformations (Adams and Martin, 1984; Jarvis, 1984). 
2.2.2. Effect of liming on N transformation : 
Research on the various aspects of the effect of liming on N transformation has 
been reviewed by Jackson (1967) and Adams and Martin (1984). All pH-dependent 
microbial activities that determine the fate of N in soil may change as a result of lime 
induced pH increase (Adams and Martin, 1984). The effect of Ca on such activities 
was also found to be significant (Jarvis, 1984; Carter, 1986). 
Mineralization and Immobilization of N: The effect of liming on N-
mineralization has been discussed by several authors (Harmsen & van Shreven 1955; 
Nyborg and Hoyt, 1978) These workers support the observation that N-mineralization 
in acid soils generally increases with liming. Nyborg and Hoyt (1978), for example, 
observed that liming of acid soils (with pH ranging between 4-5.6) to pH 6.7 almost 
doubled mineralization of N in the short term. 
The inhibition of mineralization of organic N in acid soils has been attributed to 
a combination of hydrogen and aluminium toxicities and calcium deficiency all of 
which may be ameliorated by liming (Isirimah and Keeney, 1973; Adams and Martin, 
1984). The link between reduction of active aluminium by liming and increased N-
mineralization is further supported by the fact that acidic soils with high organic matter 
(e.g. peat) have high mineralization rates: active aluminium in these soils is either 
absent or 'fixed' by organic matter (Chew et al., 1976). Nyborg and Hoyt (1978) 
however, found that a lime-induced increase in mineralization was only temporary,,-., 
although no explanation was given. On the other hand there is limited evidence 
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indicating that N-mineralization may not respond to liming (Ivarson, 1977) while 
Weier and Gilliam (1986) reported that adding a small quantity of lime tended to 
decrease mineralization in some soils with high organic matter content, as reported 
earlier by Waring and Gilliam (1983). 
Nitrification : As discussed previously, nitrification in strongly acid soils tends to 
be more heterotrophic than autotrophic. When pH is increased heterotrophic nitrifier 
activity may decline while autotrophic nitrification starts to increase. However, liming 
of strongly acidic soils may result in an initial decline in overall nitrification. This may 
be because the reduction of nitrification due to decreased heterotrophic activity is not 
fully compensated by an increase in autotrophic nitrification (Gilliam and Waring, 
1980; Weier and Gilliam, 1986). Failure of liming to increase nitrification may 
indicate a lack of autotrophic bacteria (Y avinder-Singh and Beauchamp, 1986) since in 
general, autotrophic nitrification does tend to increase with addition of lime (Adams 
and Martin, 1984) when other factors are favourable. 
Denitrification : Microbial denitrification may be much slower in very acidic soils 
(pH 5) than in near-neutral soils (pH 6) (Adams and Martin, 1984). Focht and 
Verstraete (1977) concluded that the optimum pH for denitrification was around 7.0 to 
7.5. This means that liming of acid soils can stimulate denitrifying bacteria under 
anaerobic conditions provided other environmental factors such as, temperature and 
nitrate-N are not limiting. Chemo-denitrification may also be significant at low soil 
pH (van Cleemput and Patrick, 1974). However, Gilliam and Gambrell (1978) found 
that low soil pH may be less inhibitory even to denitrification when there is a supply 
of easily decomposable organic matter. 
The ratio of Nitrous oxide to gaseous nitrogen seems to depend on soil pH 
(Balasubramanian and Kanehiro, 1976; Bremner and Blackmer, 1978) and the 
proportion of nitrous oxide increases with decrease in soil pH (Reuss and Smith, 
1965). Since the pH change has little effect on total gas production (nitrous oxide and 
gaseous nitrogen) it is suggested that effect of pH must be immediate rather than due 
to a population shift. It may be that nitrous oxide reductase is quite sensitive to pH or 
that decomposition to nitrous oxide of an NO intermediate may be promoted by 
acidity (Firestone, 1982). 
One obvious way to reduce denitrification losses is to inhibit nitrification and 
maintain N as ammonium at least until plants are sufficiently mature to utilize nitrate-N 
rapidly. 
2.3. Nitrification inhibitors in N management and agricultural production 
2.3.1. Introduction 
Nitrification inhibitors are recommended primarily to reduce loss of nitrate 
from soil by leaching and denitrification. Other benefits include lower nitrate levels in 
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vegetable crops and decreased nitrate contamination of ground and surf ace waters 
(Keeney, 1982). The extensive literature on nitrification inhibitors testifies to the 
interest in this approach as a means of controlling N losses (Goring, 1972; Huber et 
al., 1977; Meisinger 1980; Hauck, 1980,1983,1984; Slangen and Kerkhoff, 1984; 
Keeney, 1986a). However, despite the large volume of research, proof of agronomic 
benefits remains inconclusive. 
At present six different nitrification inhibitors are used commercially (Appendix 
2) while many more have been patented in several countries and await commercial 
development (Slangen and Kerkoff, 1984; Powell, 1986). Farmers~ USA, Japan, 
W. Germany, USSR, UK and some other European countries use one or other of 
these compounds as a fertilizer amendment. Field research on the use of nitrification 
inhibitors is being conducted in several other countries including Australia, India, 
Thailand and Philippines. 
As pointed out by Hauck (1972) an ideal nitrification inhibitor must satisfy 
several primary requirements (Appendix 3): 
- high specificity for the target microorganisms (ammonium oxidizing bacteria) while 
being non-toxic to other soil microflora, crops or associated fauna. 
- similar mobility to ammonium ions or ammonium-producing fertilizer molecules 
(Bock et al., 1981; Rodgers & Ashworth, 1982). 
- an adequate period, (persistence) at least until the crop has grown sufficiently to 
utilize soil N rapidly. 
- a satisfactory cost/benefit ratio. 
Although Hauck (1972) did not include ease of storage and application as 
significant requirements in his review later work by Keeney (1986a) has underlined 
the importance of solubility in water and volatility of the chemical, implying that 
storage and ease of application are important. However, none of the available 
chemicals meets all of these requirements. Sahrawat and Keeney (1985), have 
outlined perspectives for future research and development of nitrification inhibitors 
with these requirements in view. 
Preliminary screening tests have resulted in the identification of a number of 
nitrification inhibitory compounds [e.g. Bundy & Bremner (1973)]. Only some of 
them have shown the required degree of specificity for commercial use. Compounds 
with more general bactericidal action may destroy the beneficial microbial population 
while compounds that specifically inhibit the activity of Nitrobacter spp. 
(e.g.acetylenic compounds) are also not suitable as their use may allow nitrite to build 
up in soil. 
Despite the fact that mobility is considered a major factor in the effectiveness of 
nitrification inhibitors there has been very little research on this aspect. If the inhibitor 
is highly miscible with water and/or is not tightly sorbed by soil components then it 
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may be rapidly leached from zone of fertilizer application. Bock et al., (1981) found 
that the inhibitor dicyandiamide (DCD) was so mobile that it was rapidly separated 
from the ammonium with which it was applied. Nitrapyrin, on the other hand, has a 
low solubility in water (Goring, 1962a), and is sorbed by organic matter 
(Hendrickson et al., 1979b; 1987). Hendrickson et al., (1978a) and Briggs (1975) 
showed that nitrapyrin had lower apparent mobility. In contrast, Landua (1976) 
reported that nitrapyrin moved more rapidly than ammonium during leaching of 
artificially packed soil columns. 
From consideration of many results a question may arise regarding the 
optimum mobility of inhibitors. i.e. whether the mobility of inhibitor should be 
relatively greater or less than that of ammonium or equal to it? Probably there is no 
general answer since mode of action and persistence of the inhibitor will directly 
influence inhibitor efficiency. If an inhibitor remains effective after sorption on to soil 
colloids its consequent low mobility may not be disadvantageous. On the other hand, 
if an inhibitor moves more slowly than ammonium-N, nitrifiers in lower layers may 
convert most of ammonium-N into nitrate-N before the inhibitor reaches these sites. 
This would imply that soil texture, factors that influence ammonium movement such 
as soil colloid fraction, and hydraulic conductivity may be important determinants of 
the overall effectiveness of a nitrification inhibitor. 
In earlier studies the effectiveness of nitrification inhibitors was determined by 
comparing amounts of nitrite and nitrate produced under inhibitor treatments with 
those of untreated controls. The equation used by Bundy & Bremner (1973) for this 
purpose was 
[(C-S)/C]x100=% inhibition 
Where C is the amount of nitrite and nitrate in the control, and S the amount of nitrite 
and nitrate in the treated soil specimen. 
Later, Sahrawat (1980) proposed a different equation using nitrification rate 
rather than nitrate-N concentration to calculate percent inhibition: 
[(Nl-N2) I Nl] x 100= % inhibition 
where Nl is the percent nitrification rate in the control and N2-the percent nitrification 
rate in the treated specimen. 
Percent nitrification rate was calculated using the equation: 
[(nitrite+nitrate)-N/(ammonium+nitrite+nitrate)-N]xlOO. As this second 
approach considers the ammonium level in soil as well as nitrification rate it has 
received wider acceptance. 
Some workers, when evaluating the effects of various factors on nitrification 
inhibitors, have measured only the nitrification rate over a short incubation period. It 
may be argued that the measure of "net effectiveness" should also consider the total 
duration of inhibition (persistence) as a factor since it is important that inhibition 
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should be effective at least until the crop has grown sufficiently to absorb most of the 
nitrate-N resulting from increasing nitrification (Hauck, 1972). 
2.3.2. Nitrapyrin and other commercial nitrification inhibitors: 
Although the nitrification-inhibitory property of certain chemicals was known 
in the early part of this century, no recognition of their agronomic value was recorded 
until the early 1960's when Goring (1962a,b) highlighted the usefulness of nitrapyrin 
[(2 chloro 6(trichloromethyl) pyridine] as an effective nitrification inhibitor. This led 
to the subsequent development of this chemical as a commercial product by Dow 
Chemicals, USA, in 1967, under the trade name N-Serve. Since then several other 
nitrification retarding chemicals have been discovered and patented (Appendix 2). 
To date, the amount of research on nitrapyrin far exceeds that on other 
chemicals. Dicyandiamide (DCD), etradiazole (ED) and aminotriazole(ATC) are 
among the other compounds that have received some attention and the search for new 
compounds is continuing with the screening of common agro-chemicals such as 
fungicides (Wainwright & Pugh, 1973), herbicides, insecticides (Reddy et al., 1984), 
salts (Golden et al .. , 1981) as well as natural products (Sahrawat ,1981). 
In view of the large volume of literature on nitrapyrin and also because it is the 
chemical used in the present study, further discussion has been restricted to it. Thus, 
the term "nitrification inhibitor" (NI) has been used synonymously with nitrapyrin 
unless another specific name is given. 
2.3.3. Mode of inhibitory action of nitrapyrin 
There has been surprisingly little research on the mode of action of nitrification 
inhibitors in comparison with the amount of work on other aspects of nitrification 
inhibition such as evaluating the critical concentration of inhibitor and effect of external 
factors on inhibitor effectiveness. 
Hauck (1980) in a review of the literature on possible modes of action of 
nitrification inhibitors suggested that any one or more of the following could be 
involved: 
a. the creation of an unfavourable micro-environment for nitrifiers; 
b. the stimulation of growth of competitive microorganisms; 
c. the disruption of membranes and the changing of cell ultra structure; 
d. interference with the reductive assimilation of carbon dioxide, or other metabolic 
activity common to autotrophs; 
e. blocking or inactivation of enzyme systems involved in nitrification. 
Various chemicals with inhibitory characteristics, such as allylthiourea, 
potassium ethyl xanthate, acetylene and potassium cyanide have been found to exhibit 
one or more of the above modes of action (Lees, 1963; Quastel, 1965) but most of 
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them lacked the specificity to act only on ammonium oxidizers. 
Mechanisms proposed to explain the probable mode of action of compounds 
specifically inhibitory to ammonium oxidizers include: 
a. chelation of Cu of cytochrome oxidase involved in ammonia oxidation (Campbell 
& Aleem, 1965; Hooper and Terry, 1973). 
b. binding of enzymes or proteins involved in the oxidation of ammonium (Hooper & 
Terry, 1973). 
Nitrapyrin has been shown to interfere with metabolic pathways in organisms 
responsible for nitrification (Campbell & Aleem, 1965; Hooper and Terry, 1973), 
apparently by chelation of Cu co-enzymes of ammonia monooxygenase. This enzyme 
catalyses the oxidation of ammonia to hydroxylamine during nitrification. The 
inhibition could be reduced (as much as 45-70%, or even completely) by addition of 
Cu2+ (34.5ppm) to the medium. However, Powell & Prosser (1986a) observed that 
the addition of cu2+ (046ppm) enhanced rather than reversed inhibition by nitrapyrin. 
They attributed this anomaly to a "probable" difference in the effect of the type of 
copper salt added and to differences in the time span over which the experiments were 
conducted (the earlier researchers did not specify the type of Cu salt used but Powell 
and Prosser used CuS04) . 
Powell and Prosser (1986a,b), referring to an earlier observation by Powell 
(1985), stated that " .... higher concentrations of nitrapyrin are required for inhibition 
of a laboratory strain of N.europea in soil than for equivalent inhibition in liquid 
culture." However, Rodgers & Ashworth (1982) earlier reported a result contrary to 
this finding. Both groups used the same Skinner and Walker (1961) culture medium. 
Powell and Prosser (1986a,b) explained their results as due to chelation of nitrapyrin 
with Cu ions bound to cation exchange sites which reduced the amount of active 
inhibitor concentration compared to liquid culture. They also suggested variable 
sensitivity of different strains of bacteria to nitrapyrin reported earlier by Belser and 
Schmidt (1981) as a probable cause for observed differences. If the first explanation 
is accepted it is difficult to see why Cu added (0.046ppm) with nitrapyrin to a 
nitrifying liquid medium enhanced the inhibition (Powell and Prosser, 1986a). 
Rodgers and Ashworth (1982) suggested that soil particles provided a surface for 
interaction of inhibitor and bacteria which was absent in liquid culture. It is clear that 
further investigation is needed to clarify the extent to which nitrapyrin is capable of 
chelating with Cu and the effect of Cu on the nitrification process. 
Salvas and Taylor (1980) noted that nitrapyrin behaved similarly to inhibitors 
of methanogenesis such as DDT and Chloroform and proposed that the 
trichloromethyl moiety was the functional group responsible for nitrification 
inhibition. To support this proposition they drew attention to the absence of this 
group in chloropicolonic acid, the hydrolysis product of nitrapyrin, which was 
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reported by several workers to be non-inhibitory (Goring, 1962a; Laskowsky, 1972). 
However, Powell and Prosser (1985) reported that both nitrapyrin and chloropicolonic 
acid inhibited the growth of exponentially growing cultures of N.europaea but 
chloroform did not. The differences in results have been attributed to possible 
differences in strains of bacteria used and the difference in period of incubation in the 
two experiments. 
Attempts have been made by some workers to determine whether the mode of 
action is bacteriocidal or bacteriostatic (Underhill & Prosser, 1985). According to 
Hooper and Terry (1973) nitrapyrin was bacteriocidal even in field soil but Goring 
(1962a) and Laskowski and Bidlack (1977) concluded that it was bacteriostatic. 
Rodgers and Ashworth (1982) observed a bacteriocidal effect when nitrapyrin was 
added to a nitrifying culture in-vitro but thought it inappropriate to consider the 
inhibitor as either purely bacteriocidal or bacteriostatic because it showed bacteriostatic 
properties when applied to field soil. Much work remains to be done to identify the 
factors that determine bacteriocidal and/or bacteriostatic properties and the critical 
concentrations involved. (See the Addendum of this thesis). 
2.3.4. Secondary factors affecting the activity of nitrapyrin 
In addition to the primary requirements (factors) discussed in section 2.3.1. 
such as specificity, mobility, persistence (Hauck, 1972), and solubility (Keeney 
1986), there are secondary factors that may influence inhibition via primary factors 
(see Appendix 3). The secon4ary factors can be further categorized into soil factors 
and other environmental factors for ease of discussion. 
Soil factors: Many workers have investigated the effects of soil characteristics on 
nitrapyrin activity (Goring, 1962; Hendrickson et al., 1978a,b; Slangen and Kerkhoff, 
1984). There is general agreement that nitrapyrin used at recommended rates 
(0.56kg/ha) inhibits soil nitrification under most soil conditions but the period of 
effectiveness varies. Goring (1962b) observed that success rates of nitrapyrin-
mediated inhibition in pot experiments were greater than in the field. He attributed this 
to a more intimate mixing of ammonium, inhibitor and soil particles in a limited soil 
volume thus increasing the efficiency of the chemical. Furthermore, in pots or 
columns, leached N is no longer available while in the field, N leached to lower 
horizons may be utilized later due to upward movement during dry periods or if the 
plant has a capacity for deep rooting. 
Organic matter content, moisture, and pH are among the other main soil factors 
causing variations in activity of nitrapyrin applied to different soils (Goring, 1962b). 
It was found that the need for higher concentrations of nitrapyrin with increasing 
organic matter content was attributable to sorption and decomposition of nitrapyrin 
(Hendrickson et al., 1987). Lewis and Stefanson (1975) found that it was not only 
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organic matter content but also C:N ratio and near neutral pH conditions of soil which 
reduced effectiveness of nitrapyrin. Hendrickson and Keeney (1978a), Briggs (1975) 
and Chancy and Kamprath (1980, 1987) also found that increased organic matter 
caused rapid decline in inhibition by nitrapyrin. It seems that sorption of nitrapyrin by 
organic matter is a probable reason for reduced effectiveness (Sahrawat, et al., 1987). 
Some workers have suggested that adsorption of nitrapyrin onto clay particles cannot 
be expected to occur as nitrapyrin is uncharged (Goring 1962a; Gurthi and Bomke, 
1981). However, Powell and Prosser's,(1986b) suggestion that nitrapyrin could 
chelate with Cu ions associated with clay minerals implies that amount and type of clay 
mineral may affect the activity of nitrapyrin. 
Increasing soil moisture has been found to increase the hydrolysis of nitrapyrin 
(Hendrickson and Keeney, 1979a,b; McCall and Swann, 1978; Briggs, 1975) whilst 
nitrification potential was increased at moisture contents up to 60-70% of field capacity 
(Linn and Doran, 1986). Therefore the net effect of nitrapyrin may be reduced. At 
higher moisture contents, even though nitrification may be reduced, the efficacy of the 
inhibitor may be further reduced due to rapid movement of ammonium and urea away 
from the nitrapyrin. 
According to Goring (1962b) increased soil pH promotes nitrification thus 
reducing the net effect of nitrapyrin. This means that a higher concentration of 
nitrapyrin is necessary at higher soil pH to achieve the same relative level of 
nitrification inhibition (i.e. for a similar period of time; see the schematic diagram in 
Appendix 4). Subsequent investigations by Hendrickson et al.,(1978a,b), Laskowski 
and Bidlack (1977), Bundy and Bremner (1973) and Sims and MacKown (1987) have 
supported this conclusion. However, Hendrickson and Keeney (1979a) showed that 
reduced effectiveness of nitrapyrin at high pH is not due to hydrolysis of nitrapyrin. 
On further investigation, Hendrickson and Keeney (1979b) found that 'effectiveness' 
of nitrapyrin increased with increasing pH, and attributed the difference in their results 
to those of others as being due to: 
(i) the adoption of a technique which resulted in a stable population of nitrifi.ers before 
nitrapyrin was added. 
(ii) the higher susceptibility of nitrifiers at high pH reported by other workers being a 
result of rapid recovery of nitrifiers that masked the apparent initially low rate of 
nitrification. 
(iii) the possible existence of different nitrifying populations (other than the common 
Nitrosomonas spp.) that were more susceptible to nitrapyrin at higher pH. 
It appears the increased inhibition (or the decreased nitrification rate) noted by 
Hendrickson and Keeney (1979b) was limited to the initial period of incubation only 
and further research is necessary to determine the duration of this effect which would 
be critical to practical use of nitrapyrin (see Appendix 4). Further clarification would 
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be desirable in view of the fact that Hendrickson and Keeney work assum~d a 
reasonably uniform, near optimal nitrifier population in soils with different pH values 
following 10 days incubation with 50 mg/g of N added as diammonium ortho 
phosphate. They also reported that nitrification rates in these soils were linear at least 
up to 12 days and assumed a steady state. However, in view of the differences in pH, 
it is unclear whether equal nitrifier populations with similar nitrification capacity could 
be established (Pang et al., 1975) simply by incubating with an ammonium salt over a 
similar time period (see Section 2.1.3). 
If a steady state of nitrification was achieved due to different nitrifier strains 
dominating at different pH levels, as shown later by Belser and Schimdt, (1981), then 
what was being compared was not the effectiveness of nitrapyrin but the response of 
different strains to nitrapyrin at their different pH optima. 
Hendrickson and Keeney (1979b) reported that at pH 4.7 the presence of 
nitrapyrin hardly affected nitrification during the whole period of incubation. 
However, heterotrophic nitrification may have been dominant at such low pH and is 
known to be tolerant of nitrapyrin (Duggins, 1984) so that direct comparison of 
nitrification inhibition at low soil pH with that at high soil pH may be questionable. 
On the other hand, even if autotrophic nitrification was dominant over the whole pH 
range, from the practical point of view the total period of inhibition should also be an 
important factor in interpreting the effectiveness of the inhibitor. Nitrification 
recovered rapidly at higher pH (6.6 and 7.2) and more nitrate was produced at the end 
of incubation. Thus the interpretation of the initial drop in nitrification rate as an 
indication oflowered "effectiveness" may be inappropriate. 
Nevertheless, Hendrickson and Keeney's (1979b) results indicated an 
important charactt'.ristic of nitrification inhibition, namely that if a soil of higher pH 
supported a larger autotrophic nitrifying population than one of lower pH the initial 
inhibition by nitrapyrin would have been much greater because a larger active 
population would have been inactivated (Appendix 4). But the effect may be only 
short term as nitrifiers will recover more rapidly at higher than at lower pH in the acid 
range. 
Other factors: Among other factors, climatic conditions such as wind speed and 
temperature have been shown to affect the persistence of nitrapyrin in soils (Goring, 
1962b; McCall and Swann, 1978; Briggs, 1975). These factors and the low vapor 
pressure of nitrapyrin may result in high volatilization losses. However Kalillo et al., 
(1980, 1982) reported an exceptionally high half-life for nitrapyrin (4 months) applied 
to soils at an experimental site compared to previously reported figures of 50 days in 
soil high in organic matter or 28 days in soil with low organic matter (Briggs, 1975). 
Laskowski (1972) reported that the rate of hydrolysis of nitrapyrin doubled 
with each 5oc increase in temperature, suggesting a half-life of 8 days at 25oc. 
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Touchton et al., (1979) also found that increasing temperature from 10 oc to more 
than 20 oc markedly reduced the half-life of nitrapyrin. Interestingly, they found that 
the half-life of ammonium was extended well beyond the nitrapyrin half-life at all 
temperatures, while without an inhibitor the ammonium half-life was generally less 
than that of nitrapyrin. Hendrickson and Keeney (1979a) found a longer half-life (up 
to 1000 days at 4 oc and 10 days at 25 oc and suggested that temperature was more 
important than moisture content and organic matter in determining the persistence of 
nitrapyrin. 
The nitrifier population (strain, species or genus of ammonium oxidizing 
autotrophic bacteria) dominant in the soil, also seems to be an important factor in the 
effectiveness of nitrapyrin (Belser and Schmidt, 1977; Hendrickson and Keeney, 
1979b). However, few studies have been published on the critical concentrations of 
nitrapyrin necessary for effective inhibition of different strains and species, or even 
genera of nitrifying bacteria. This probably could be one of the most vital reasons for 
the variability of nitrapyrin effectiveness reported in the literature. 
2.3.5. Use of nitrification inhibitors in crop production 
The effects of nitrification inhibitors on the yield and performance of crops 
under field conditions has been reviewed by Slangen and Kerkhoff (1984), Prasad et 
al., (1971), Nelson & Huber (1980), and Onken (1980). 
Although nitrapyrin has been shown consistently to be an effective nitrification 
inhibitor, nitrapyrin application has not always been followed by desired yield and N 
efficiency improvements (Appendix 1). Even positive results have been highly 
variable and effectiveness appears to depend on many factors such as soil 
characteristics, active nitrifier strains, climatic conditions, crops grown and N 
management. Some workers that have reported no yield or N use efficiency 
improvement following inhibitor application have given no, or insufficient, details of 
changes in soil N content, native soil N levels, soil texture etc. Such information 
would be important as the original soil N levels may be sufficient to supply the total 
plant N requirement thus removing the possibility of response or there may not be 
significant loss of nitrate-N from the soil used due to poor drainage, and/or low 
denitrification potential to show a significant advantage in retaining N as ammonium. 
For instance, Aydeniz et al., (1976) found that barley responded to application of 
nitrapyrin while vetch and maize did not. Such observations as this could be due to 
differences in N requirement by crops. Support for the need of supplementary 
information together with results on crop performance comes from Swaider (1985) 
who reported positive yield responses to nitrapyrin application at low N fertilizer rates 
but not at higher rates. 
Results obtained by some workers following nitrapyrin application to different crops 
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under different conditions are summarized in Appendix 1. This table shows the considerable 
variation in response to nitrapyrin, even with the same crop. 
2.3.6. Need for further research on use of nitrapyrin under different 
environmental conditions 
It is clear that several aspects related to the factors affecting nitrapyrin are still 
not understood thoroughly. Especially in view of the considerable variability in crop 
performance following nitrapyrin-amended fertilizer application (Appendix 1) further 
research on the influence of external factors on activity of nitrapyrin and also on the 
mechanism of inhibition are warranted. Points highlighted in the review that are 
relevant to the work presented in this thesis are summarized in the following 
paragraphs. 
Agricultural practices such as liming may result in changes in soil N 
transformation. These changes may promote N losses by nitrate leaching and/or 
denitrification. However, research results vary considerably and the final outcome 
appears to be controlled by interaction of various soil factors unique to the 
environments in which the experiments were conducted. Nevertheless the use of 
nitrification inhibitor ( eg nitrapyrin) as a fertilizer amendment has been proposed as an 
effective measure to prevent nitrate formation under conditions of potentially high N 
losses. However, the results obtained after using nitrapyrin also vary greatly and it is 
clear that more investigations are necessary to understand these variations. 
It appears that the effectiveness of nitrapyrin depends on three different types 
of factors. viz, chemical and physical characteristics of nitrapyrin, soil and other 
environmental factors, and the active form of nitrifying population (size and type). 
However, there is a lack of agreement on the influence of these factors on nitrapyrin 
effectiveness. The effect of soil pH or the secondary changes brought about in soil 
following soil pH changes on nitrapyrin effectiveness is one such issue that needs 
further clarification. Therefore, for better understanding of the inhibition process it 
would be useful to carry out experiments on effectiveness of inhibitors on different 
types of nitrifying populations subjected to varying environmental factors. 
The relative mobility and persistence of the chemical, under different 
environmental conditions are also important criteria that may influence nitrapyrin 
effectiveness. Here, too, the results vary, underlining the need to study possible 
interactions of primary and secondary factors on effectiveness of nitrapyrin in different 
environments and under different agricultural practices (e.g. method of application, 
irrigation etc.,). 
Use of nitrapyrin is supposedly ineffective against all other microflora except 
autotrophic ammonium oxidizers and is also supposed to be non-toxic to higher 
plants. However, some workers have reported changes in denitrification and soil 
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respiration indicating an apparent effect on heterotrophic microorganisms while some 
toxic symptoms on plant seedlings have also been reported. Information on these 
aspects although of considerable importance for wider practical applications is 
inadequate. 
Application of nitrapyrin with N fertilizers has not always yielded desired 
improvements in crop performance. It could be that the amount of fertilizer-N added 
in such studies is sufficient to meet the plant N needs. Introduction of nitrification 
inhibitors may therefore not have any effect on Nuse efficiency (NUE). On the other 
hand if plants prefer a particular form of nitrogen (either ammonium or nitrate) and the 
maximum yields are achievable only by supplying N in that form, the attempt to 
supply N in the less prefered form will only reduce N use efficiency and final yields 
(Luckman, pers. commun. 1988). However, it is not easy to establish which form is 
preferentially absorbed by plants under given soil conditions. Nevertheless, it is 
possible to compare a particular type of fertilizer-N with other forms (e.g. urea, 
ammonium sulphate ammonium nitrate or calcium nitrate) in terms of NUE or crop 
growth. Such comparison would help to indicate any need for the amendment of less 
efficient fertilizers with nitrification inhibitors. 
CHAPTER THREE 
3. General Materials and Methods 
3.1 Soil sampling and analysis: 
3.1.1 Soil site description: 
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Field experiments were conducted on the University of Tasmania Farm near 
Cambridge, Tasmania, 20km north-east of Hobart at 42 50 S latitude (Appendix 5). 
This area is included in the Hobart sheets of the TASMANIA Geological survey and 
of the Reconnaissance Soil Map of Tasmania (Loveday, 1955). The scale of these 
surveys is too small to show the full diversity of lithology and soils. An important 
occurrence of unconsolidated Tertiary clays was not recorded in the geological survey 
nor as a parent rock in the reconnaissance soil survey. However, the author had 
access to more detailed information on soil occurrence (Beattie et al., unpubl.) and to 
current research on principles of soil occurrence (Holz, pers. comm.) which facilitated 
the choice of site for field experimentation. This area has been farmed for at least 150 
years and its recent history is one of intensive cereal cropping. Some relevant climatic 
data for the cultivation seasons 1986/87 and 1987/88 are shown in Appendix 6 
A map showing the location of field experiments and sampling sites from 
which specimens were collected for analysis and use in laboratory and glasshouse 
experiments is shown Appendix 5. Plate 1 shows the site of experimentation and its 
topography including the slight slope of the field. A hardsetting strongly duplex soil 
(Northcorte, Dy 5.21) occurs at this site above Tertiary clays. A grey-brown acid 
sandy loam rests abruptly on a very slowly permeable mottled yellow-brown clay 
subsoil becoming neutral to alkaline with depth. The cultivated layer contained 
medium levels of bicarbonate-extractable phosphorus and exchangeable potassium for 
the nutrition of cereal crops. These and other relevant soil characteristics are given in 
Table 3.1 and were obtained using methods listed in Table 3.2. Published methods 
have not been described in detail except where some modification was necessary for 
the present application. 
3.1.2 Collection of soil samples: 
Soil specimens from field plots for experiments described in Chapters 5 and 9 
were collected from 0-150mm depth, using a 25mm stainless steel tube sampler. 
Three core specimens were collected randomly from each plot and mixed well before 
subsampling to obtain the desired quantity of soil in aluminium moisture boxes. Soil 
was kept in a cooler box (with ice packs) during transport to the laboratory. 
A bulk sample (0-150mm) was collected on 5th. May 1986, from an area 
immediately adjacent to the experimental site and used for all laboratory and 
glasshouse experiments other than experiment 1. Soil from four randomly selected 
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(2 x 2m) quadrats was collected by shovel, to a depth of 150 mm, mixed and air dried 
in the glass house. When sufficiently dry, the soil was passed through a 2mm sieve 
and stored at 2ocuntil needed. All visible plant debris was removed by hand. 
3.2 Plant material collection and analysis 
Unless otherwise specified growth measurements were based on 
samples collected from 0.25 m2 quadrats selected randomly within the plots. The 
crop was cut just above the ground surface and transported in polythene bags to the 
laboratory for analysis. Samples not processed on the day of collection were stored at 
4oc. 
Final yields were based on mechanical harvesting of the remaining area of the 
plot (plate 2, page 54 ) except in the experiment described in Chapter 7 where yields 
were based on quadrat sampling. 
The following plant material analyses were carried out in order to determine N 
use efficiency and plant growth performance. 
-Total N, as described by Chapman and Pratt (1961). 
-Dry matter production, by drying at 70 oc for 72 hrs in a forced draught oven. 
-Leaf area, using a Paton Electronic Light Planimeter developed in conjunction with 
CSIRO. 
-Percent light interception using a pyranometer as described in experiment 7. 
-Plant height (at harvesting) as the length of stem from ground surface to panicle base. 
3.3 Data analysis. 
Plant and soil data have been expressed on an oven-dry basis unless otherwise 
specified. Details of experimental design, treatments, and statistical analysis are 
discussed separately for each experiment. All statistical analyses were carried out on 
Apple Ile and Macintosh SE computers using suitable statistical soft-ware packages 
(ANOVA II™ or NWA STATPAK™, STATVIEW™). Most of the figures 
produced in the text were drawn using the CRICKET GRAPH™ software package on 
a Macintosh SE. 
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Tabl~ Jal: ~hara~teri~tics of the sQil 
Soil Depth(mm) 
character 0-150 150-300 300-500 500-750 750-1000 
pH 5.3 6.8 7.3 7.9 8.3 
EC(ms/cm) 0.107 0.093 0.153 0.236 0.254 
Bulle density(g/cm3) 1.29 1.57 1.68 1.75 na 
Moisture characteristics (MPa) 
(at 0.03 MPa) 28.33 35.5 60.9 62.0 na. 
(at 0.1 MPa) 16.4 26.7 46.35 45.6 na. 
Org. C (as at5/6/86) 1.98 1.79 0.45 0.09 0.02 
Tot N % (as at5/6/86) 0.168 0.078 0.055 0.041 0.042 
Mineral N (2M KCl extractable) 
ammo.-N(mg/g soil) 0.17 0.12 0.13 0.11 0.12 
nitr.-N(mg/g soil) 0.06 0.09 0.06 0.03 0.03 
Particle size fractions (per cent) 
coarse sand 16.4 14.1 12.8 20.5 18.5 
fine sand 64.5 50.3 45.1 42.5 44.5 
silt 6.5 4.0 6.5 8.5 10.5 
clayl 14.0 38.1 36.2 29.1 27.8 
1. X-ray diffractograms showing types of clay minerals present are given in Appendix 7. 
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Table 3.2 : Methods used for soil analysis 
Determination/analysis References 
Soil particle size analysis: Loveday (1974) 
Clay type 
Bulle density of field samples 
Field capacity (moisture content 
at 0.03 mPa) 
Total N (salicylic acid/Na2 S2 03 
modification ofKjeldhal method) 
Mineral N (ammo. and nitrate) 
UreaN 
Urease activity (buffer method) 
Mineralizable N 
Denitrification potential 
Soil respiration 
Estimate of C02 and N10 
Estimate of nitrapyrin 
concentration in soil 
Oxidizable organic C 
Soil profile moisture content 
(CPN503DR Hydroprobe) 
Xray diffraction method(Appendix 7) 
(Loveday, 1974). 
Peters (1965). 
Bremner (1982). 
Bremner (1982). 
Tabatabai & Bremner (1972). 
Douglas and Bremner (1971). 
Waring and Bremner (1964). 
Modified after Sarachandra (1978) 
Modified after Anderson (1982),chapt.6 
Thermal conductivity gas chromatography 
(Appendix 8) 
Chapter 8 
Walkley and Black C:Piper (1974) 
Neutron probe manual (1984) 
Plate 1: The Site selected for field experiments conducted during 
1986/87 and 1987/88 seasons. 
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Plate 2: Mechanical harvesting of plots at the end of 1986/87 season 
CHAPTER FOUR 
4. Selection of soil for nitroi:en transformation studies 
4.1. Introduction 
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In view of the objectives of this project it was necessary to find a soil having an 
active native nitrifier population to justify the use of nitrification inhibitor (nitrapyrin) 
and to study the interaction of nitrification inhibitor with liming on nitrate production. 
The addition of fertilizer urea to soils can trigger several microbially-mediated 
nitrogen transformation reactions such as urea hydrolysis, nitrification, 
immobilization and denitrification of the added N. As the nitrification process is 
related to other urea-N transformation reactions it is appropriate to characterize this 
process in conjunction with these other reactions. 
In order to identify soil material suitable for further studies the effect of urea 
addition on urease activity and nett nitrification was investigated using the cultivated 
layer of four soil types. These materials were also characterized in terms of potential 
denitrification and soil respiration because these properties should be useful indicators 
of potential denitrification losses and heterotrophic microbial activity respectively. 
4.2. Materials and methods 
Soil blocks (30 x 30 x 20cm, Plate 4.1) were collected in duplicate from sites 
representing four soil types (Appendix 5). 
Soils 1 and 2 were sandy loams while soil 3 was a self-mulching, light clay 
and soil 4 was a sandy clay loam. The first three soils have formed on unconsolidated 
Tertiary clays with intercalated sandy members. Soil four has formed in colluvium of 
mixed origin including material derived from Permian mudstone, Triassic sandstone 
and Jurassic dolerite. Soils 1,2 and 4 are strongly duplex with a clay B2 horizon 15-
20 cm beneath the surface. soil 3 is a uniform to gradational cracking clay. Soils 1,2 
and 3 carried pasture sown during the previous season while soil 4 carried wheat. 
Sites 1and3 were on east facing 7% slopes while 2 and 4 were on 2% slopes. Short 
periods of waterlogging of the top soils of the duplex soils were observed occasionally 
due to perching of drainage water above the slowly permeable clay B2 horizon. 
Undisturbed soil blocks were used to minimize "handling effects" (Zantua & 
Bremner, 1975; Ogunkunle and Beckett, 1988). The size of the soil blocks was such 
as to allow sequential subsampling without interference effects. A metal 
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Plate 3: Soil Blocks used for experiment described in Chapter 3. 
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frame made of four (30cm x 30cm) aluminium plates (18 gauge) was driven into the 
soil (relatively free of stones). The blocks were lifted by removing the surrounding 
soil and inserting another plate beneath the block. Blocks were placed in square plastic 
containers (Plate 4.1) with several 1.Scm diameter drainage holes cut in the bottom. 
After transporting to the glasshouse vegetation was removed with minimum 
disturbance to the soil surf ace and the blocks were then left for one week to equilibrate 
with the glasshouse environment (lSOC). During this period the blocks were 
regularly moistened with distilled water to a weight equivalent to 70-80% of measured 
field capacity (Loveday, 1974). 
Table 4.1: Soil Characteristics of four soil types collected from the 
University farm. 
soil pH CEC* Org. C TotalN soil texture (0-150mm) 
1 5.3 6.26 1.98 0.16 Sandy loam 
2 5.8 4.77 1.86 0.18 Sandy loam 
3 6.2 7.03 2.48 0.26 Self mulching light clay 
4 5.2 6.72 2.26 0.24 Sandy clay loam 
*-CEC as mmol(Ca+o.s)kg-1/100 g soil. 
After equilibration, the surface soil (lcm) of each block was removed and urea was 
added to the surface at the rate of 100 ug urea-N/g soil (calculated using the field bulk 
densities). The surface soil was then replaced and eight rectangular micro-plots 
(120mm x 60mm) were marked in the surface of each block, allowing a 30mm buffer 
zone around the periphery. 
Sampling was carried out at intervals over a period of 60 days. The day before 
fertilizer treatment was recorded as day 0. A 30mm diameter PVC tube was used to 
withdraw core samples which were air dried sufficiently to pass through an 
international 2mm round-holed sieve before analysis.The blocks were watered to field 
capacity at five-day intervals during the experiment. 
Mineral nitrogen was determined using the Kjeltec apparatus (Tecactor 
Instruments) as described by Keeney and Nelson (1982) with 0.2g of Devarda's alloy 
added to include nitrite-N (if any) and nitrate-N. 
Urease activity was determined after 5 days of fertilization by the method of 
Douglas and Bremner (1971) except that the technique was modified by omission of 
added urea (Bremner, 1982) to determine urea-N remaining at 6 DAF. 
Nitrification activity and rate was estimated as the change in nitrate-N 
concentration with time. Since the use of nett nitrate-N to determine nitrification rate 
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can underestimate actual nitrification because part of the nitrate may be immobilized or 
denitrified (Schimdt, 1982) the change in ammonium-N was also considered. 
Soil respiration was measured on Sg (0.D.) soil specimens at 2 days after 
fertilizer addition (DAF) which were sieved before addition to 125ml glass bottles. 
1.0g of dextrose was added to each bottle as a source of carbohydrate before the air 
inside the bottle was replaced with moistened carbon dioxide-free air. Bottles were 
sealed with rubber septa and incubated at 2soc for 8 hrs. Assay of carbon dioxide 
production was performed at two-hour intervals by thermal conductivity gas 
chromatography (Appendix 8). 
For determination of denitrification potential Sg (O.D.) of soil was placed 
in 125ml bottles and flooded by addition of 15ml of distilled water. The gas phase 
was replaced with nitrogen. Then acetylene, scrubbed in water to remove any acetone 
vapor present, a contaminant that otherwise would provide an excellent C source for 
denitrifiers (Keeney, 1986) was injected into each bottle to give 10% gas volume after 
first removing an equivalent volume of nitrogen. The bottles were then incubated at 
2ooc with assay of nitrous oxide production at specified time intervals by thermal 
conductivity gas chromatography. The incubation was terminated after 248 hours. 
3.3. Results and Discussion 
Urease activity. All four soil types showed a significant increase in urease activity 
(Fig. 4.1) following addition of urea. This indicated that all four soil types had 
populations of urease-producing microorganisms capable of rapid response to added 
urea. Soil specimens tested for urea-Nat 6 DAF showed some unhydrolyzed urea-N 
(Appendix 9) suggesting that substrate concentration was not limiting in any of the 
soils at the time of sampling, and therefore that the levels of urease activity of the four 
soils could be compared directly. As long as the soils are in a supposedly dynamic 
state of activity with respect to urease-producing organisms the problems of systems 
with declining urease production can be avoided. 
Urease activities were significantly higher in soil type 3 and 4 than in the other 
two types (Fig 4.1). This could have been due to a higher level of organic matter 
(decomposed and otherwise) present in these two soils, supporting a greater microbial 
population capable of producing urease, or to stabilization of an increased level of 
urease on organic matter (Mortland, 1986) or perhaps both mechanisms may have 
been involved. 
When urea is rapidly hydrolyzed substantial NfI4+-N production can occur 
within a short period of time leading to increased nitrification, immobilization and/or 
ammonia volatilization loss. 
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Figure 4.1 Urease activity (SDAF) and urea-ijremaining in four soil 
types (6 DAF) 
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Nitrification. Application of urea resulted in significantly different nitrate-N 
production in each of the four soils when compared to respective controls that did not 
receive urea (Figure 4.2a). The data and analysis of variance for each sampling time 
are given in Appendix 10. 
The increase in nitrate-Nat 5 DAF was significant only for soil 2 indicating an 
immediate "take-off" in nitrification when compared to other soil types. However, at 
10 DAF the nitrate-N levels in all soils had increased significantly, indicating a 
progressive nitrification process. Continued incubation of soils 2 and 3 did not result 
in increased nitrate-N beyond the levels measured at 20 DAF. Soils 1and4 showed 
continued nett nitrate-N production until about 40 DAF after which a slight decline 
was measured. 
The apparent stabilization of nitrate-N from 20 or 40 to 60 DAF could have 
been due to a decline in ammonium-N available for nitrification or due to the activity 
of different nitrifying populations as suggested by Bhuiya and Waker,(1977), Belser 
and Schmidt, (1981) and Wiere and Gilliam, (1986). On the other hand, since the 
estimated level of nitrate-N reflects nett level of nitrate-N, the possibility remains that 
denitrification, immobilization of nitrate or decline in level of substrate ammonium-N 
(Figure 4.2b and Appendix 10) could have influenced the estimates. 
Because of these possibilities for the later levelling-off in nitrate-N, evaluation 
of the different soils for nitrification rate was based on "nett production of nitrate N" 
(difference between urea-treated soil and untreated soil) until peak production levels 
were reached. 
The four soils showed different nitrification rates (Figure. 4.2C). Soil 2 had 
the highest nitrification rate (7.459 ug/g/day) whilst soil 4 had the lowest (0.979 
ug/g/day). Soils 1 and 3 had similar nitrification rates (1.926 and 1.877 ug/g/day 
respectively). When Morill and Dowson (1967) found different nitrification 
rates/types they commented on the variable influence of other N transformation 
processes. These included (1) immobilization of nitrate, (2) immobilization of 
ammonium, the latter reducing substrate concentration for nitrifiers, (3) denitrification 
and (4) possible differences in nitrifying and/or denitrifying populations amongst 
different soil types (Chapter 2, Section 2.1.3). 
Nitrate immobilization can be considered the least significant factor in nett 
nitrification rate since microbes preferentially utilize ammonium to nitrate, especially 
over a short time period as in this experiment and when ammonium is available 
abundantly. Little or no loss of nitrate by leaching was likely under controlled 
watering. Any nitrate losses may therefore be attributed to denitrification. However, 
since the soil blocks were not subject to anaerobic conditions the extent of 
denitrification must have been minimal. Hence, soil factors, 
45 
Fig. 4.2a Nitrate recovered from four soil types described in Table 4.1 
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Fig. 4.2c Net nitrification rates in four soil types described in Table 
4.1. 
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differences in nitrifying populations, and differences in ammonium losses 
(immobilization and/or ammonia volatilization) may be the more probable causes of 
the observed differences in nett nitrate production. 
Although all soils were of almost similar reaction (pH) properties such as 
CEC, organic matter content, and C/N ratio were different. Organic matter content, 
depending on type and state of decomposition, could have influenced the extent of 
nitrification via competition by heterotrophs for ammonium-N. The high negative 
correlation between nitrification rates and per cent organic Cat 20 DAF (r2=-0.75) 
suggests that those soils with higher C/N ratio may have favoured the utilization of 
ammonium-N by heterotrophs rather than autotrophic nitrifiers. The sharper decline 
in ammonium-N levels compared to the slower increase in nitrate-Nin soil types 3 
and 4 may be due to immobilization of part of the ammonium-N (Fig. 4.2a and b) . 
Loss of nitrogen can occur via ammonia volatilization following increase in 
soil pH caused by urea hydrolysis. The relatively longer generation time of 
autotrophic nitrifiers (20-40 hrs. in situ for nitrifying organisms) in comparison with 
shorter times for most heterotrophs (Knowles et al., 1965; Schimdt, 1974) and the 
nature of the C assimilation process, with an incomplete tricarboxylic cycle which 
further decreases their already limited metabolic versatility (see section 2.3), make 
autotrophic nitrifiers less efficient in utilization of ammonium-N compared with 
heterotrophs (Quayle & Ferenci, 1978). Hendrickson et al., (1987), also found that 
pH increases associated with urea additions promoted the N immobilization process 
and and that this may have occurred in preference to nitrification. 
Soil type 1 had a relatively steady nett nitrate-N production ending up with a 
significantly higher level of nitrate-N than soil types 3 and 4 by the end of the 
experiment. Soil type 2 on the other hand had the highest initial increase in level of 
nitrate-N production at 5 and 10 DAF(Fig. 4.2a). However, when nitrification rates 
were estimated (Fig. 4.2c), soil type 1 and 3 appeared to be similar with moderate 
rates when compared to nitrification rates of the other two soil types (nitrification rates 
estimated by using nett nitrate-N produced until peak levels were reached). Soil type 
2 had the highest nitrification rate while soil type 4 showed the lowest rate, probably 
due to one or more of the above-cited reasons and/or because of heterotrophic 
nitrification which occurs at a much lower rate than the autotrophic process (Duggins, 
1984; Section 2.1). It was also noted that although the nitrification rate of soil type 3 
was similar to that of soil type 1, the amount of nitrate produced in soil type 3 reached 
a plateau after 20days and this amount was significantly less compared to that of soil 
type l(fig 4.2a). On the other hand, since soil cation exchange capacity may affect the 
availability of N for nitrifiers (Sarathchandra, 1978) it is possible that in soil type 3, 
which had the highest CEC (Table 4.1), nitrifiers had access to less ammonium than 
Fig. 4.3: co2 production in four soil types with (+Ur) and without(-Ur) 
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in other soils. Therefore, soil types 1 and 2 were considered to be more suitable for 
further evaluation. 
Soil respiration. Heterotrophic activity increased significantly within 48 hours of 
addition of urea (Figure. 4.3; Appendix 11). Levels of carbon dioxide produced after 
2 hours of incubation were not significantly different, probably because of adaptation 
time. However, differences appeared after four hours of incubation. 
Comparison of soil respiration after addition of urea with that of untreated soil 
revealed that all four soil types contained microbial populations that responded to 
urea, but to different degrees. The observed increases may be attributed to activation 
of urease-producing and ammonium-utilizing heterotrophic micro-organisms. Soil 
types 3 and 4, with their larger amounts of undecomposed organic plant residues and 
higher C/N ratio, probably supported a larger microbial population than that of soil 
types 1 and 2. This would mean that urea application may lead to greater nitrogen 
immobilization in soils 3 and 4 than in soils 1 and 2. Hendrickson et al., (1987) made 
a similar observation. Since, immobilization can remove a significant amount of 
ammonium from the available mineral-N pool, reducing the amount of ammonium 
available for nitrification, these results partly explain the much lower nitrification 
levels in soil types 3 and 4 than in soil types 1 and 2 (Fig. 4.2a). 
The levels of total mineral N measured at each sampling time (Fig. 4.4) also 
supported the possibility of variability of immobilization processes in the four soil 
types. Five days after urea addition 84% and 86% of the initial amount of N (original 
N plus added urea-N) in soil types 1and2 respectively was present as inorganic-N, 
whereas in soil types 3 and 4 these values were only 65% and 64% respectively. 
Denitrification activity and denitrification potential. Comparison of 
of denitrification potential was based on the assumption that the denitrifying 
population (form and size) directly influenced the rate of denitrification. In fact, 
depending on the type of active population, the extent of inhibition by acetylene could 
also vary (Keeney, 1986). Hence, depending on the activity of denitrifier organisms, 
soil specimens collected at intervals and incubated under optimum conditions could 
show varying rates of nitrous oxide production. That is, if the initial population or 
type of denitrifiers in the soils were different, then variable rates of "take-off" in 
nitrous oxide production could be expected. However, doubts have been raised 
recently about the suitability of the acetylene blockage technique for measuring 
denitrification (Rolston, 1986; Keeney, 1986) in the wake of 
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Fig. 4.4 Total mineral N (NH4 +N03 and N02-N) in four (1,2,3 and 
4) soils at different sampling times. 
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suggestions that inhibition of nitrous oxide reduction by acetylene may disappear with 
time (Mosier, 1980; Aulakh, 1984), that acetylene could even increase denitrification 
(Germon, 1980; Yeomans and Beauchamp, 1982), or that inhibition of nitrification 
may be effective only at low partial pressures of acetylene (Davidson et al., 1987). 
Short term incubation of nitrate-enriched media with sufficiently high concentrations 
of purified acetylene may overcome these problems to some extent and the advantages 
of the method have been widely accepted (Duxbury, 1986). 
As this experiment was carried out to compare only the denitrification potential 
at each sampling time, rather than to study the effects on nitrate-N, no parallel 
estimates without nitrates were carried out. Denitrification potential in soils without 
added urea was not expected to show any significant change during the course of this 
experiment 
Figure 4.5 (a-c) shows nitrous oxide production in incubated soil specimens 
collected from soil blocks at 5, 20 and 60 days after fertilization (DAF). Most 
specimens reached their maximum nitrous oxide production levels before 240 hours 
of incubation. The decrease in, or complete cessation, of nitrous oxide production 
after about 72 to 120 hours (depending on soil type) may be due to a decreasing 
inhibitory effect of acetylene on nitrous oxide reduction as has been reported in recent 
investigations (eg. Adkin and Knowles, 1986; Keeney, 1986; Davidson et al., 1987). 
Common reasons given for such an effect include the possible adaptation of the 
denitrifying population, loss of acetylene by microbial reduction and promotion of 
growth of some denitrifers that reduce nitrous oxide in the presence of acetylene. 
Since there is evidence that carbon dioxide production occurs even under anaerobic 
conditions, carbon dioxide toxicity could also be a factor influencing such decline in 
denitrification (M.A.Line, University of Tasmania, pers. Comm). 
For these reasons, determination of denitrification potential via estimation of 
rate of nitrous oxide production was restricted to the initial period of incubation where 
a steady state was observed. Slopes calculated from linear regression equations of the 
fitted curves (Fig. 4.5) are given in the Table 4.2. 
Rate of nitrous oxide production rose in all specimens at first, then declined 
progressively in all cases but at different rates. In specimens incubated at 20 DAF, 
lowest rates were realized with soil type 1 while the highest rate (denitrification 
potential) was seen with soil type 2. It is possible that waterlogged conditions that 
develop occasionally in the field from which soil type 2 was extracted may have 
promoted a higher denitrifying population. Soil types 3 and 4 had moderate rates and 
magnitude of nitrous oxide production. As the rate of denitrification is a function of 
the active denitrifying population (or different forms of denitrifiers), 
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Fig.4.5 : Nitrous oxide production in specimens of four soils sampled 
at 5,20 and 60 DAF and incubated anaerobically for 240 hours with 
added nitrate-N 
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Table 4.2 Slopes of linear regression equations derived for 
relationships between nitrous oxide production and time of incubation 
for four soil types. 
Slope (rate in m moVg/hr) 
DAF soil type 1 2 3 4 
5 0.77 2.2 1.7 2.2 
20 1.5 2.7 1.9 1.9 
60 0.85 1.1 1.7 1.7 
========================================================== 
(DAF: Days after fertilizer addition= times at which soil specimens were withdrawn 
from soil blocks treated with urea). 
soil type 2 has the greatest potential denitrification (N-loss) if optimum conditions for 
denitrification occur. For this reason soil type 2 was eliminated in favour of soil type 
1 for further studies. 
It may be noted that nitrous oxide production occurred only after the creation 
of optimum conditions for denitrification. Thus no significant denitrification in 
undisturbed soil blocks used for this experiment would normally be expected. 
However suitable conditions for denitrifi.cation could develop in the field situation and 
if such were the case the impact of denitrification losses would be expected to be 
greatest in soil type 2, followed by soil types 3 and 4, with the least affect in soil type 
1. 
In summary the total mineral N recovered from each soil showed that losses 
from the mineral N pool were least in soil types 1 and 2 while soiltypes 3 and 4 had 
considerably higher immobilization losses. However, soil type 2 showed 
considerably higher potential denitrification when compared to soil type 1. Urease 
activity and soil respiration rate of soil type 1 were moderate indicating a satisfactory 
level of microbial activity. Therefore soil type 1 showing least potential loss of N by 
denitrification was selected for further studies on the transformation of ammonium-N 
to nitrate-N and to investigate the effects of lime and nitrapyrin on this process. 
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CHAPTER FIVE 
5. The effect of urea and other common N fertilizers on 2rowth and N 
nutrition of a barley cultiyar (cv. Triumph). 
5.1 Introduction 
There is considerable variation in the efficiency of different N fertilizers 
measured in terms of crop response (Rennie and Rennie, 1973; Oluobi et al., 1986). 
Some studies have shown that urea compares poorly with other common N fertilizers 
such as ammonium nitrate, ammonium sulphate and calcium nitrate (Kucey, 1987; 
Campbell et al., 1986) whereas others found it to be no less effective than those 
fertilizers (Thorman et al., 1980; Walker et al., 1979; Terman et al., 1968). Possibly, 
such differences occur because different forms of added N undergo different kinds 
and intensity of N transformation processes. The extent of each process is known to 
depend on factors such as type of crop, cropping practice, climate and soil 
characteristics, all of which affect the growth of microorganisms involved in N 
transformation as well as, movement and stability of N in forms utilizable by plants 
and microbes . 
The present experiment was designed to compare urea with other common N 
fertilizers in terms of "Nuse efficiency" (NUB) and the growth performance of a high 
yielding barley variety (cv. Triumph). Such information could be useful in designing 
experiments aimed at improving NUE of barley involving soil and fertilizer 
amendments (eg. liming and nitrapyrin respectively). 
Although increased crop production has followed increased rates of fertilizer 
application under local conditions (Mendham and Russell, 1987; Abdul-Rahman, 
1988), there has been no comparison of the effects of different N sources on cereal 
crop growth. Thus one of the objectives of this work was to determine whether and 
to what extent urea is a suitable alternative to other N sources for barley in local soils. 
5.2. Materials and methods 
Four commonly used nitrogenous fertilizers, namely urea (Ur), ammonium 
sulphate (AS), ammonium nitrate (AN), and calcium nitrate (CN), were used at two 
rates of application [low-(1)=50kg N/ha, and high-(2)=(120 kg N/ha] with a nil 
fertilizer treatment as control. The treatments were replicated twice in a randomized 
complete block design (3x4x2). The location and description of the site has been 
given in Chapter 3 and the procedure by which the site was selected has been 
described in Chapter 4 
Main plots, 20m x 1.5m, were separated by lm strips free of crop growth 
(Plate 2). On 6th June 1986, the individual nitrogen treatments were broadcast and 
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then incorporated by raking prior to sowing of Triumph barley at the rate of 120 kg/ha 
(approx, 20 x 105 seeds/ha) at 30-40mm depth. A 0-7-12 fertilizer mixture with Pas 
super phosphate and K as muriate of potash was applied at the rate of 200 kg/ha at the 
time of sowing. About 30-40 mm of rain fell overnight. 
Weedicide"One-shot" (mixture of MCPA and Dicamba) was sprayed a 
fortnight after emergence of the crop to control broad leaf weeds. "Mesurol", a bird 
repellent, was sprayed on four occasions during grain filling to reduce the threat of 
bird damage. However, total avoidance of bird damage could not be achieved and 
therefore the areas of obvious bird damage were avoided during harvesting. 
Rainfall and temperature data for the growing season are given in Appendix 6. 
The good spread of rainfall during the season was sufficient for satisfactory crop 
growth. However, dry conditions associated with higher temperatures towards the 
end of season necessitated irrigation in October (20 and 28th) and then again in early 
and mid December (2, 8 and 15th) (sprinkler irrigation was equivalent to lOmm 
rainfall on each occasion). 
Analysis of soil and plant specimens was carried out as described in the 
Chapter 3. Sub-plots of 0.25m2 were harvested at 60(tillering), 80(early stem 
elongation), 120 (seed filling) and 180( close to maturity) days after sowing (DAS) to 
estimate top dry matter production and grain yield. Plant height and spikelet length 
were recorded at 180 DAS. A least square difference technique (Gomez and Gomez, 
1984) was used for comparison of treatment means. 
5.3. Results and Discussion 
Plant growth and yield: Top dry matter production increased almost linearly with 
time. Each of the four forms of nitrogen fertilizer gave significant increases in top dry 
matter production at higher rates of N application (Figure 5.1) particularly at 60, 80 
and 180 DAS. The mean dry matter weights in plots receiving equal rates of N but 
different N forms were not significantly different. 
The increase in top dry matter production with increased rate of N (Table 5 .1 
and Figure 5.1) is in general agreement with dry matter production data obtained by 
Abdul-Rahman (pers. comm.) during 1985 using the same barley variety at a 
neighboring site also with N added as ammonium nitrate. In Australia many workers 
have demonstrated that nitrogen fertilization at levels ranging from 67 to 180 Kg N/ha 
increases forage yield of cereals and have proposed that this is an effective method of 
overcoming the problem of winter feed shortage faced by many farmers (Archer, 
1969; Blunt and Fisher, 1976). 
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Table 5.1: Dry matter production at different stages of growth 
and grain yield of Triumph barley 
Dry matter (t/ha) 
Fertilizer at (DAS) Yield Harvest 
Type Rate 60 80 120 180. t/ha Index 
contra l. (mean of 4x2) 0 0.55 l.12 2.33 4.72 4.91 
Urea (Ur) 50 0.59 l.44 2.38 4.63 5.5 54.62 
120 0.60 l.62 3.3 5.52 5.85 52.23 
Ca(NO ) (CN) 50 0.58 l. 55 2.83 5.06 6. 19 54.98 
3 2 
120 0.75 l. 53 3.1 5.76 6.89 54.5 
NH NO (AN) 50 0.62 l. 76 2.85 5. 14 5.79 52.97 
4 3 
120 0.72 l. 95 3.05 6. 16 6.23 50. 19 
( NH ) SO (AS) 50 0.59 l. 5 2.43 4.86 5.05 51.23 
4 2 4 
120 0.58 l. 6 2. 77 '5.54 5.88 51 . 51 
Means table: 
low 0.595 -1. 557 2.624 4.922 5.87 53.45 
high 0.661 l. 670 3.055 5.745 6. 10 52. 1 
Ur 0.594 l. 525 2.838 5.075 5.73 53.42 
CN 0.668 1. 530 2. 967 5.409 6.54 54.74 
AN 0.668 1 .855 2.950 5.650 6.01 51.58 
AS 0.585 1. 543 2.603 5. 199 5.51 51.37 
LSD (p=0.05) 
(type) 0.08 0. 17 ns 0.36 ns 2.48 
(rate) 0.06 0. 12 0.23 0.25 0.56 ns 
(rate x type) ns ns ns ns ns ns 
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The top dry matter yield at 180 DAS was considered as fairly representative 
of hay/straw production since the time of sampling was quite close to final harvesting 
(21 days before harvesting). Plant height (an important character as increased height 
could make plants susceptible to lodging) at the time of final harvesting was not 
affected by N source or rate of application (Table 5.2). Hence the significant 
differences in straw dry matter production due to treatments may be attributed to 
differences in no of tillers, thickness of stems or to differences in cabohydrate 
reserves that was not investigated in this experiment. 
Grain yield: Yields varied from 4.9t/ha for the control to 6.9t/ha for the higher level 
of CN2 application (120kg N/ha ). Yields obtained are moderate when compared with 
those reported in Europe where the Triumph variety was bred and also when 
compared to yields of other local trials (Mendham and Russell, 1987). 
The "effective" spikelet length (i.e. the length of spikelet bearing fertile 
seeds) at harvest that was used as a measure of the number of seeds per tiller (Table 
5.2) was influenced (p=0.05) by rate of N application and not by source of N. 
However, the grain yield and straw dry matter production showed a high correlation 
coefficient of r2=0. 73 indicating that that increased grain yields could be mainly due 
to increased number of fertile tillers per plant. Therefore it appears that for grazing 
and hay production there is scope for the use of different agro-technical soil and 
fertilizer amendments to improve N use efficiency of urea under local conditions 
within the range of the plant's capacity to use N. 
Only rate of fertilizer application showed a significant influence (p=0.05) on 
yield while the effect of fertilizer type was less significant (p=0.1). At this probability 
level (p=0.1) the mean yields from plots receiving urea (Ur) and ammonium sulphate 
(AS) were significantly less than those obtained with calcium nitrate (CN) and 
ammonium nitrate (AN). It may be that a greater number of replications is necessary 
to improve the probability of detecting any effect of N source. 
Figure 5.2 shows a Mitscherlich-type exponential relationship between grain 
yield and N application rate for all N sources except ammonium sulphate (AS). This 
result for AS may have been due to a higher proportion of N added in this form being 
unavailable to plants perhaps due to immobilization and/or ammonia losses 
Some workers have suggested the ratio of grain yield to total biomass 
production (i.e. harvest index) as a better indicator of the relationship of vegetative 
growth and grain yield than the total top dry matter production alone (Riggs et al., 
1981; White, 1987). Data given in Table 5.1 show the effect of treatment on the 
harvest index. The rate of N application did not have a significant effect on the 
harvest index (p=0.05). However only the CN treatment gave a significantly higher 
harvest index compared to the other three N sources (LSD=2.48, p=0.05). This may 
be because of the greater effective spikelet length in CN-treated plants. Abdul-
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Rahman (un-published data) using the same barley variety obtained similar harvest 
index data in response to applied N in 1985. 
Nitrogen content of plant parts: Nitrogen in straw and grain at maturity 
expressed in terms of N content per 100 kg of straw and grain respectively is shown 
in Table 5.3. Neither source of N nor rate of N application had a significant effect on 
straw N content. However the per cent grain N increased from 1.48 for Url-treated 
to 1.82 for AN2-treated plots and was significantly affected by N source (LSD= 
0.073, p=0.05) and rate of application (LSD= 0.209, p=0.05). There was a positive 
interaction (LSD= 0.103 at p=0.05). Urea application resulted in the lowest mean 
increase in grain N content. This is in agreement with the rysults reported by Kucey 
(1987) who observed a generally lower N content of barley grain following urea 
application than following ammonium nitrate or anhydrous ammonia. Nevertheless 
the present results show that the per cent N in straw was least with AS 1 (50 kg N/ha) 
and highest with CN2 (120 kg N/ha) although the differences were not significant 
(p=0.05). 
Nitrogen use efficiency in terms of yield and per cent N in plant parts with 
respect to applied N is shown in Table 5.3. The method of calculation used in the 
present study was originally proposed by Bock (1984). Bock's equations were 
slightly modified in order to separate yield efficiency (YE) and N recovery efficiency 
(RE) by grain and straw. 
Straw yield efficiency was affected by fertilizer type as well as by rate of 
application (p=0.05). The effect of fertilizer type on grain-yield efficiency was also 
significant. 
In terms of recovery efficiency (RE) only total plant N (grain and straw N 
together) was significantly affected by different fertilizer forms. Again the lowest 
efficiency was observed in the case of the urea and ammonium sulphate treated plots. 
Comparison of YE of grain and straw confirmed that N fertilizer in the form of 
ammonium sulphate and urea was not as efficient as ammonium nitrate and calcium 
nitrate under the conditions of this experiment. These results may need further 
evaluation regarding the effects of associated ions and pH changes subsequent to 
fertilizer application. The differences in YE and RE patterns within the same cultivar 
could be due to modified N absorption capacity of plants due to factors such as 
availability of different N forms including differences in their transport and storage in 
soil. Maynard et al., (1976) and Maynard and Barker (1979) reported that 
environmental factors, fertilizer management and crop production practices can modify 
the degree of N accumulation and transport. Nitrate toxicity in plants following high 
nitrate absorption has also been reported ( Maynard and Barker, 1979) as well as 
ammonium accumulation in some plant tissues. 
Table 5.2: Plant height and spikes length at harvesting. 
Fertilizer 
Type Rate 
kg N/ha 
Ur 50 
120 
CN 50 
120 
AN 50 
120 
AS 50 
120 
Means i:able 
l 0 1•1 N 
high N 
Ur 
CN 
AN 
AS 
LSD table 
(type) p=.05 
(rate) p=.05 
(type x rate)p=O.l 
Plant 
Height 
mm 
667 
752 
713 
655 
661 
709 
660 
710 
675 
707 
709 
684 
685 
685 
ns 
ns 
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Effective Spikelet 
Length 
mm 
73 
79 
75 
80 
76 
75 
73 
76 
74 
7"7 
76 
77 
76 
75 
ns 
6 
ns 
61 
Fig. 5.2: Effect of ferti l; zer N source and rate of N application on grain yield of Triumph barley 
Ur= urea ; CN==Ca(N03)2 ; AN=NJl4N03 ; AS= (Nf4)2S04); 
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Table 5.3: Nitrogen content of grain and straw and N use 
efficiency of barley (cv. Triumph). 
Ferti\iz.er % N con. in Cumulative N use efficiency 
Form Rate (irain straw YE(grain) RE(grain) YE( straw) RE{ straw) 
Con\- 0 I· 4 O·b 
-
-
·-
~ 
Ur 50 l.48 0.7 13.37 31.8 9.82 7. 77 
120 l. 51 0.69 9.39 41. 7 11 . 52 8.44 
CN 50 l. 56 0.70 25.48 41.78 18.45 13. 61 
120 l. 51 0.79 16.54 50.21 13.48 14.50 
AN 50 l.63 0.63 17.68 44.29 20.08 7.64 
120 l.82 o.-67 11. 00 32.24 16.84 10.42 
AS 50 l.66 0.65 4.36 40.43 14.37 5.71 
120 l. 73 0.69 8.45 29.67 11. 70 8.19 
Means table: 
Low rate l. 583 0.67 15.22 39.58 15.68 8.68 
High rate l.64 0.71 11. 34 38.45 13 •. 39 10.39 
Ur l. 50 0.69 11. 38 36.75 10.67 8.11 
CN l.54 0.74 21. 00 46.00 15.97 14.06 
AN l. 72 0.65 14.34 38.26 ' 18.46 9.03 
AS l.69 0.67 6.40 35.05 13.03 6.95 
LSD (P=.05) 
(type) 0.073 ns 9.73 ns 3.41 ns 
(rate) 0.209 ns ns 19.49 ns ns 
All N use efficiencies were calculated on a cumulative basis using the 
following equations modified after Bock (1984) 
YE=(Ysoor r:io -Ycontrol )/ N rate of application 
RE=(Nso o• •10 -Ncontrcl )/ N rate of application 
YE= Yield et11ciency; RE= Recovery efficiency 
y= yield; N= N content of plant part tk9) 
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However the present results cannot be unqualifiedly interpreted to infer a plant 
"preference" for a particular N form (seep. 9 of Section 2.1.12, Chapter 2), or to 
indicate the effects of ammonium and nitrate forms on plant growth. It may be that the 
variations observed in plant growth under the experimental conditions may have been 
the result of the fertilizer forms and rates at which they were applied but effects of 
subsequent changes in the soil pH and associated changes in N availability following 
addition of fertilizer should be considered (Tinker, 1978; Goh and Haynes, 1986). 
Although no significant variation in bulk soil pH was apparent, it is possible that 
significant pH changes may have occurred at the soil/fertilizer/root microsite interface 
(Haynes, 1986). 
Soil mineral N The variations in soil ammonium and nitrate levels during the 
growing season are shown in Fig 5.3 (a,b,c and d). 
Ammonium levels had changed significantly at 5 DAS in relation to fertilizer 
type and rate of application. The relatively lower increases in ammonium levels 
associated with application of nitrate fertilizers suggest that nett mineralization of soil 
organic N increased, probably due to increased activity of heterotrophic 
microorganisms resulting from increased aeration during sowing and to the addition 
of fertilizer nutrients (N, P and K). The levels of ammonium declined rapidly and the 
treatment effect on ammonium level was not significant thereafter. Higher ammonium 
levels in urea-treated soils at 5 DAS indicated rapid urea hydrolysis even though low 
temperature conditions prevailed (Appendix 6). The decline in ammonium 
concentration by 45 DAS could be due to loss of ammonia by nitrification and/or plant 
uptake, immobilization, fixation, or perhaps volatilization. However, the low soil pH 
may not have been conducive to ammonia volatilization (Freney et al., 1986) and 
incorporation of fertilizer-N into soil by raking immediately after application should 
have reduced such losses. The data indicate that loss of ammonia by immobilization 
in this soil, even under higher temperature conditions, may not be substantial. 
Moreover increased nitrate levels by the time of later samplings indicated active 
nitrification which, together with plant uptake, must have been the main cause of N 
loss. 
Nitrate-N, on the other hand, was significantly affected throughout the 
growing season (from DAS 5 to 150) due to the form of fertilizer N. The effect of 
application rates showed a similar trend except for the samples collected at 25 DAS. 
Highest concentrations of nitrate-N were realized at 5 DAS but by 25 DAS the levels 
started declining, probably due to plant uptake or to leaching losses and/or 
denitrification. At approximately two and half months after sowing (80 DAS) nitrate 
levels were close to those of control plots. 
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Fig. 5.3 Soil Mineral N (a & b) at low rate of application: and (c & d) 
at high rate of application. 
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The total mineral N contents in soils treated with urea and ammonium 
sulphate were not significantly different to those of calcium nitrate and ammonium 
nitrate treated soils indicating that the observed differences in NUB depending on the 
form of fertilizer-N have been influenced by factors other than mineral-N availability 
as determined by the analytical techniques used. Again, these results do not 
necessarily imply that the ammonium form is less favoured than nitrate forms for plant 
uptake as the experiment did not cover the role of associated ions and changes that 
may have occurred (such as pH changes, osmotic potentials) at the soil/fertilizer 
(micro-environment) interface. 
Relatively low NUB and crop yield observed in response to urea application 
could have been due to one or more of several reasons. Since soil pH is fairly low, 
loss of N due to ammonia volatilization following rapid hydrolysis of urea was 
expected to be small. However, nitrification rapidly converted ammonium formed in 
the soil to nitrate (Figure 5.3). It may also be that a considerable amount of the 
ammonium form could have been rapidly immobilized by microbes or fixed on the 
exchange complex during the initial growth stages. Furthermore, although the 
impermeable clay subsoil may have minimized vertical leaching, the 2 % slope of the 
site may have allowed substantial lateral leaching and in loss of nitrate-N. 
Nevertheless, the observations support the planned use of urea in subsequent 
experiments. The N use efficiency of the crop has been shown to be higher than the 
comparative N supply efficiency of urea applied to this soil. 
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CHAPTER SIX 
6. The effect of lime and nitrapyrin (soil and fertilizer amendments 
respectively) on urea N transformation in the selected acid soil. 
6.1. Introduction 
Liming is recominended for ameliorating acid soils with problems such as aluminium 
and manganese toxicities and deficiencies of calcium and magnesium. This practice 
can also affect soil biological activities including N transformations whereby both 
mineralization and nitrification processes in soil are enhanced (Nyborg & Hoyt, 
1978). Ammoniacal fertilizers applied to such soils may be rapidly converted to NQ3-
N with the possibility of increased N losses by leaching and/or denitrification. One of 
the ways of reducing such losses is by the use of a nitrification inhibitor (NI) such as 
nitrapyrin. Reports on the effectiveness of nitrapyrin in limed soils vary considerably 
(Laskowsky and Bidlack, 1977; Hendrickson and Keeney, 1979; Sims and 
MacKown, 1987). 
The experiment described in Chapter 5, showed that urea application to an acid 
soil resulted in relatively low nitrogen use efficiency by barley when compared to 
other N fertilizers. The effectiveness of urea might be improved by liming to provide a 
better soil pH environment for N transformation and/or by amending the fertilizer with 
nitrapyrin to prevent nitrification, thus reducing the possibility of N losses due to 
denitrification and leaching. There are records of improved performance of barley 
following liming under local conditions (Mendham and Russell, 1987). 
Hence the present experiment was undertaken to evaluate only effects of lime 
and nitrapyrin on nitrogen transformation processes in an acid soil following urea 
application and was carried out in the absence of plants. 
6.2 Materials and Methods 
Experimental: Soil was air dried and gently crushed to pass a 2 mm sieve. Lime 
treatments (Lo,no lime; Li,2.3g/kg soil; Lii, 6.9g/kg soil, oven dry basis) were 
applied by spreading the required quantity of soil on a polythene sheet and mixing 
thoroughly with finely powdered 'Limil'® Soil and soil + lime mixtures were packed 
into plastic pots to a bulk density of 1.3, watered to field capacity (F.C.) and left to 
settle for four weeks. During this period moisture content was maintained at field 
capacity by regular weighing and addition of distilled water as necessary. Just prior 
to each watering the surf ace of the soil in the pots was raked to a depth of 3-4 cm. 
Watering was stopped after three weeks and the soil in the pots was allowed to dry for 
one more week after which urease activity and ammonium and nitrate levels were 
determined immediately in soil specimens withdrawn using a short PVC tube. Urea 
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was then applied in 20ml of solution at a rate of 50mg N/kg soil (equivalent to 
approximately lOOkg N/ha) with and without nitrification inhibitor. Nli (inhibitor 
added) treatments received nitrapyrin ("N-serve EC": Xylene based) at a rate of 
0.3mg(a.i.)/kg soil (approx. 0.56 kg(a.i)/ha). The nitrapyrin was mixed in 20ml of 
urea solution just prior to application. Quickfit glassware was used as far as possible 
during solution preparation to minimize loss of nitrapyrin (Bremner, 1978; 
Hendrickson and Keeney, 1978). The control (Nlo) pots received 20ml of urea 
solution mixed with and the same volume of xylene as that added with the nitrapyrin 
in the Nii treatment. Solutions were added to each pot after removing the top 2cm. of 
soil which was replaced immediately to minimize possible loss of ammonia and also 
to ensure a good mix of soil and added chemicals. Thereafter water was added to 
each pot in amounts calculated to maintain an average water content around 70-75% 
F.C. to minimize losses due to denitrification. Deionized water was used for water 
replacement throughout the experiment. Pots were laid out in a split plot design with 
lime as the main treatment and NI as the subplot treatment. While maintaining the 
experimental design the positions of main and subplot pots were changed regularly to 
minimize the any position effects. The whole experiment was replicated three times. 
Soil specimens were withdrawn 5, 15, 25, 45, and 60 days after urea application, 
using a PVC tube. After specimen withdrawal the soil in each pot was re-mixed. A 
period of 60 days was considered adequate to cover the normal period of crop 
growth. 
To determine the effects of NI on denitrification potential separate lOg soil 
specimens were treated with 10 ml of 0.05M KN03 in 50ml McCartney bottles with 
suba seals. Specimens representing soil at two levels of soil pH ( Lo and Li) and one 
of nitrapyrin (Nli) were set up to provide triplicate determinations. Soil inside the 
bottles was submerged and air was replaced with gaseous nitrogen (CIG-lab grade) to 
provide an optimum environment for denitrification. The procedure adopted to 
determine nitrous oxide production by gas chromatography has been described in 
Chapter3. 
Analytical: Total N was determined by Kjeldhal digestion followed by steam 
distillation with 40% NaOH (Bremner, 1965). Forms of mineral-N (NH4+,No2-& 
N03-) were measured by a modified Kjeldhal method (Bremner, 1982). The buffer 
method of Tabatabai & Bremner (1972), was used to determine soil urease activity. 
Steam distillations were carried out using a Kjeltec distillation unit. 
The analysis of variance was performed on data collected for each sampling 
time . Nitrification rate was calculated at each sampling time to estimate the size of the 
nitrifying population and percent inhibition was calculated to reflect change in 
effectiveness of nitrapyrin over time. 
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6.3. Results and Discussion 
Soil pH: At the end of four weeks of incubation, prior to the addition of urea, the 
non-limed soil pH was slightly lower (5.2) than the pH of the soil before incubation 
(pH 5.3). Following the addition of urea soil pH increased initially to a level above 
that of the field soil before declining again. No marked effect on soil pH due to 
nitrapyrin was evident. These data together with those showing the effect of liming 
on soil pH are given in Table 6.1. 
Table 6.1: Effect of lime and NI on soil pH 
Treatments 0 day 5day 25day 45day 
NioLo 5.2 5.6 5.3 5.3 
NioLi 7.2 7.3 6.9 6.8 
NioLii 8.4 8.3 8.4 8.3 
NiiLo 5.5 5.3 5.3 
NiiLi 7.5 6.9 6.8 
NiiLii 8.3 8.4 8.5 
Day 0-the day before the addition of urea. 
(pH was measured in 1 :5 soil:water suspension using a glass electrode) 
Nlo=No inhibitor; Nli=Inhibitor added; Lo=No Lime; Li=Lime added at 2.3g kg-
1(2.5 t/ha); Lii -Lime added at 6.9g kg-1(7.5 t/ha) 
Urease activity: Liming had a significant effect on urease activity (Fig. 6.1). The 
control, non-limed soil without nitrification inhibitor (NloLo), showed significantly 
lower activity than limed soil at 5, 15 and 25 days after addition of urea. Increasing 
the rate of liming from 2.5t/ha(Li, pH 6.8) to 7.5t/ha (Lii, pH 8.3) did not result in 
further significant increase in urease activity (Lsd =6.057, p=0.05). However, it 
should be noted that the increase in urease activity from Li to Lii with or without 
nitrapyrin was consistent over time. This could mean that the near neutral pH of the 
Li treatment was more favourable for urease producing miroorganisms than the higher 
pH of the Lii treated soil. Accordingly, a high positive correlation (r2.=0.74-0.91, 
p=0.05) was observed between urease activity and soil pH at different sampling 
times. A similar relationship between pH and urease activity was reported by Zantua 
& Bremner (1977). However there was no significant effect (P=0.05) of nitrapyrin 
or lime+nitrification inhibitor on urease activity, in spite of the fact that there was 
lower urease activity in non-limed soil plus NI when compared to limed soil plus NI 
for which no reasonable explanation can be given. The absence of a significant effect 
of NI on urease activity has been widely reported (eg.,Bremner & Douglas, 1971). 
Fig 6.1:. Effect of lime (Lo, Li and Lii) and nitrapyrin (Nlo and Nii) on 
urease activity. 
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In all treatments urease activity increased up to 15 days, presumably due to 
stimulation of microorganisms capable of producing exocellular ureases in the 
presence of urea (Mulvaney and Bremner, 1981). Subsequent decline in urease 
activity may be explained as due to decreased substrate concentration (urea). The 
enzyme activity then appeared to stabilize at a level close to the original level of the 
field soil. The present results agree with those of Zantua & Bremner (1977) who 
attributed the pattern of urease activity to the formation of complexes of urease with 
different soil constituents such as clay and organic matter, preventing further 
degradation of the enzyme. They suggested that " ... different soils may have different 
minimum levels of urease activity determined by the soil constituent's capacity to 
protect and stabilize urease against microbial degradation and other inactivation 
processes." More recent results of O'Toole & Morgan (1985) support this 
suggestion. 
Considerable variability in pH optima for soil urease activity has been reported 
(Tabatabai & Bremner, 1977; Kumar & Wagenet, 1984). Most studies indicate 
neutral a to slightly alkaline soil pH to be optimal for urease activity. Increased urease 
activity at higher pH shown by the present results suggests that the optimum for 
urease activity in the soil used may be in the upper pH range. However, these results 
conflict with the observations of Moe (1967) and Peltser (1972) who reported a 
decrease in urease activity following liming. Kumar and Wagenet (1984) also 
reported an 8% reduction in urease activity following addition of calcium carbonate. 
Soil N content: Neither total nitrogen nor organic N + N fixed (N-fixed refers to 
nitrogen "fixed" on the exchange complex) levels were significantly affected by 
treatments. This was most likely due to the inadequacy of the Kjeldhal technique to 
detect a small change in organic N content rather than to the absence of any effect on 
the organic-N fraction. Hence, only the trends of total Kjeldhal N and organic N+ N-
fixed have been discussed (Figure 6.2). 
Liming resulted in a reproducible declining trend in total N and in organic N+ 
N-fixed although this was not statistically significant (Fig. 6.2). Since no significant 
change in nett 'N-fixed' would have occurred, the decrease may be attributed to a 
possible increase in mineralization of organic N due to liming as reported by Nyborg 
and Hoyt (1978). The total Kjeldhal-N recovered was always less (especially in Li 
and Lii treated soils) than the total of "added + native-N " for the original soil, 
indicating N loss from the system due to denitrification or NH3 volatilization. 
Fig.6.3: Effect of lime (L) and nitrapyrin (NI) on soil NH4 +-and N03 ·- N. 
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Table 6.2: Nitrous oxide production (umol/lOOg soil) in the presence 
(Nii) and absence of nitrapyrin (Nlo) in limed (Li) and non limed soil 
(Lo) treated with nitrate-N. 
N20 produced (x umol/10 g soil) 
Treatment days(l) 2 7 10 
NioLo 12.55 26.72 20.62 
NilLo 8.69 12.9 
NioLi 14.504 24.61 32.56 
NllLi 18.69 24.72 
mean table 
Lo 6.28 17.71 16.76 
Li 7.25 21.65 28.64 
Nlo 13.53 25.67 26.59 
Nli 13.69 18.81 
Lsd (p=0.05) 
lime ns ns 5.79 
NI 3.17 3.42 2.56 
LxNI ns 1.89 ns 
1) Flasks were incubated under anaerobic conditions at 25oc with assays at the days 
specified. 
Application of urea gave an immediate significant increase in ammonium-Nin 
all the pots (Figure 6.3a). This was followed by a rapid decrease except in the 
unlimed soil receiving nitrification inhibitor (NliLo) indicating rapid hydrolysis of 
urea followed by niu·ification and/or NH3 volatilization in the limed soil. Previous 
workers have attributed the decline in ammonium-N following liming to increased 
nitrification and ammonia volatilization due to increased soil pH (Nyborg and Hoyt, 
1978; Adams and Martin, 1984). 
The higher rate of liming (Lii) did not produce significantly greater ammonium 
levels than those associated with the lower rate (Li). On the other hand, addition of 
NI into limed soil resulted in markedly higher ammonium-N levels than those in limed 
soil containing no NI, suggesting that nitrification was a major cause of the decline in 
ammonium-N. A significant positive interaction (p=0.05) of NI and lime on the level 
of ammonium-N was observed initially and up to 15 days after fertilizer addition (15 
DAF). However, at 40 and 60 DAF, there was no detectable interaction of NI and 
lime although the effects due to lime and to NI were individually significant. 
Application of NI to strongly acid unlimed soil (pH 5.3) resulted in greater retention 
of ammonium-N when compared with the effect of its application to limed soil (pH 
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6.3 and 7.2). A similar effect of NI in relation to soil pH was reported by Sims and 
Mackown, (1987). 
The separate incubation experiment carried out to investigate whether the 
denitrification process was significant under the present experimental conditions and 
also to determine whether denitrification potential was affected by liming and/or 
nitrapyrin showed that nitrapyrin significantly inhibited the nitrous oxide production 
(Table 6.2). The inhibitory effect was more pronounced when soil pH was low and 
the amount of nitrous oxide produced after two days of incubation was not detectable. 
The interaction between lime and NI had a significant influence on denitrification 
when tested following 7 days incubation but the effect disappeared after further 
incubation (Table 6.2). Meanwhile the production of nitrous oxide declined with 
further incubation (probably for the same reasons given in Chapter 4, p.76). 
Table 6.3: Changes in the effect of lime and nitrapyrin with time on 
nitrification ratelfollowing addition of urea. 
Treatment 5 25 45 60 
NioLo 
NioLi 
NioLii 
NliLo 
NliLi 
NliLii 
59.05 
60.62 
73.25 
48.26 
59.11 
68.22 
days after addition of urea 
79.67 87.69 86.77 
82.63 91.81 90.04 
92.02 93.58 92.53 
57.77 76.58 90.23 
79.8 86.8 92.10 
89.94 89.76 94.49 
(1) Calculated by using the equation (modified after Sahrawat, 1980): (%) 
Nitrification rate = CN03)-N x 100 
(NH4+N03)-N 
The delay in denitrification due to nitrapyrin may not be attributed to a 
secondary effect of nitrification inhibition since adequate nitrate-N was present. 
Although the direct inhibition of denitrification by nitrapyrin has not been widely 
reported, its dual role in inhibiting nitrification and denitrification has received some 
attention recently (Mills et al., 1976, 1978; McElhannon & Mills, 1981). Further 
investigations need to be carried out since some authors find it difficult to accept these 
findings in view of the diversity of denitrifiers (Keeney, 1986; Section 2.3 of this 
thesis). 
Fig 6.4: Change in effectiveness of nitrapyrin under different lime treatments 
(Lo, Li & Lii) expressed as a % inhibition. 
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Since anaerobic conditions did not develop in the main pot experiment due to 
regular mixing and watering to 70-75% F.C. no substantial denitrification would have 
occurred. On the other hand there was no leaching under the controlled watering 
regime. Hence any N loss that may have occurred could have been mainly due to 
NH3 volatilization. 
Nitrate-N levels were also monitored (Figure 6.3) to estimate the contribution 
of nitrification to the decline in ammonium-N levels with increased pH. The levels of 
nitrate-N and rate of nitrification (Table 6.3) were significantly increased by liming 
with or without NI. Although the application of NI consistently reduced nitrate-N 
production at all levels of lime application this effect was significant only at 25 DAF. 
There was no significant interaction between lime and NI in relation to nitrate-N 
levels. However the increases in nitrate-N did not fully account for the disappearance 
of ammonium-N, particularly in lime-treated soils, further supporting the possibility 
that loss of gaseous ammonia contributed to lower levels of ammonium-N. Similar 
observations have been reported by many authors (eg., Laskowski and Bidlack, 
1977; Nyborg and Hoyt, 1978). 
The increases in nitrification rates that occurred in response to increased lime 
application in the presence of inhibitor were lower compared to those in the respective 
lime treatments with no nitrification inhibitor. This effect persisted up to 45 DAF, 
being most marked at 25 DAF. The effect of NI on nitrification was not significant 
after 45 DAF probably due to insufficient concentration of NI for effective inhibition. 
The nitrification rate was used to estimate the per cent inhibition at each 
sampling time. The percent inhibition estimated using the equation proposed by 
Sahrawat (1980) for each lime treatment is shown in Figure 6.4. 
Liming appeared to reduce the effectiveness of nitrapyrin up to 45 DAF but by 
60th DAF more nitrate-N (relative to the respective control treatment) had formed in 
Lii treated soil than in Li soil. Lo soil had the lowest nitrate-N relative to the control 
and the lowest percent inhibition. These results are in general agreement with earlier 
findings by Goring (1962), Hendrickson et al., (1978), Laskowski and Bidlack 
(1977) and Sims and MacKown (1987) but are contrary to the observations of 
Hendrickson and Keeney (1979b) who found that increased pH following liming 
could lead to increased effectiveness of nitrapyrin. Hendrickson and Keeney (1979a) 
earlier reported that hydrolysis of nitrapyrin was not affected by pH, thus eliminating 
the possibility of dissociation of nitrapyrin with changing pH . The greater 
effectiveness of nitrapyrin at higher soil pH was attributed to the presence of a greater 
number of nitrifiers (higher nitrification rate) in such an environment (Appendix 4). 
However short term effectiveness of nitrapyrin may disappear more quickly at higher 
pH than at lower pH, as suggested by the present results, due to a faster recovery of 
nitrifiers at higher pH . Therefore it may not be appropriate to consider a greater short 
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term inhibition as more effective if such effectiveness does not persist long enough to 
provide a significant benefit for crops . 
However Hendrickson and Keeney's results point to an important factor in the 
use of nitrification inhibitors in the field, namely that there could be different strains of 
nitrifiers active at different soil pH levels, and that the degree of nitrification inhibition 
may change depending on the dominant strain in the system. It is also of interest to 
note that at higher soil pH the initial decline in nitrification rate may be greater- because 
of the larger nitrifying population but this phenomenon may soon disappear because 
of faster recovery of nitrifiers at higher soil pH (Appendix 4 ). 
Further evidence of the significance of nitrifier strain differences on the degree 
of inhibition was reported by Belser and Schmidt (1986) who pointed out that a 
change in population from more susceptible to less susceptible strains will result in the 
need for a greater amount of NI for the same degree of inhibition. Powell and Prosser 
(1987) also observed that bacterial strain differences may be a major cause of 
differences in susceptibility to nitrapyrin. 
In conclusion the present experiment shows that: 
a. urease activity in the soil increased with liming but was not affected 
significantly by the addition of NI, the soil also showed a characteristic stable level of 
urease activity. 
b. increased liming may have produced an environment more conducive to 
nitrifiers thus leading to a rapid build-up of nitrate-N assisted by the absence of 
substantial denitrification due to the aerobic condition of the soils; it was also 
observed that nitrapyrin was less effective in inhibiting nitrification in limed soil; 
c. the observed inhibition of denitrification by nitrapyrin merits further 
investigation since in environments such as water-logged, acid rice growing soils 
denitrification is the significant mechanism of nitrogen loss and therefore such an 
inhibition could be very useful. 
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CHAPTER SEVEN 
7 Effect of nitrapyrin and limin2 on early 2rowth of barley. 
7 .1. Introduction 
Nitrapyrin (NI) can effectively inhibit the nitrification process and thereby reduce loss 
of nitrate-N from soil plant systems. However its capability to improve plant growth 
or yield is widely disputed. Many studies have shown no significant advantage of 
using nitrification inhibitors (Appendix 1; York and Tucker, 1985). Some workers 
have reported that NI and/or its by-products may even be 
phyto-toxic and retard plant growth (Jones, 1973; Rajendra Prasad et al., 1980). 
Lynd et al., (1967) reported that a concentration of lppm N-serve in an acid sand 
(pH 5.7)caused leaf curling, stem twisting, and formation of a restricted club-like root 
system in Robinia. Nitrapyrin also inhibited the growth of alfalfa at all stages up to 
11 weeks with effects increasing over a range of 1-20ppm of applied nitrapyrin 
(McKell and Whalley, 1964). Hauck (1975) cited reports of plants recovering from 
early stunting attributable to added "N-serve" but with no apparent reduction in final 
grain yield. 
Redmann et al., (1964) found that nitrapyrin (NI) added to soil degraded 
rapidly to 6-chloropicolinic acid (6-CPA) and then to 6-hydroxypicolonic acid, both 
supposedly harmless to plants and microbes. Although several reports indicate either 
very low or no phyto-toxic effects due to the main degradation products of NI 
(Goring, 1962b; Mullison and Norris, 1976) Geronimo et al., (1973a,b) found direct 
phyto-toxic symptoms in cotton, wheat and maize seedlings following nitrapyrin 
application. 
Reportedly, at recommended levels of application nitrapryin has no direct 
effect on soil microorganisms other than ammonium oxidizers. Nevertheless, in an 
earlier experiment described in Chapter 6, it was shown that some denitrifying 
bacteria may also be affected following nitrapyrin application in accordance with 
earlier findings of Mills and McElhannon, (1984), and McElhannon et al. (1984). On 
the other hand it is known that an increased level of one form of mineral N relative to 
other(s) and also the pH changes that result from nitrification, may affect the 
susceptibility of plants to pathogens. For example the incidence of Fusarium and 
Rhizoctonia root rot may increase if more ammonium-N is taken up relative to nitrate-
N while plants taking up excess nitrate-N are more susceptible to attack by 
Verticillium. Cercosporella and Ophiolobus (Hauck, 1975; Papendick and Cook, 
1974). However the exact mechanism(s) are not yet well understood. 
If heterotrophic microflora are influenced by nitrapyrin, (or products of its 
hydrolysis) or by changes in pH and ammonium to nitrate ratio, the effects should be 
reflected in soil respiration (ie. net carbon dioxide production). On the other hand if 
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autotrophic nitrification is inhibited the accumulation of carbon dioxide should 
increase since autotrophic nitrifiers have an obligate dependence on carbon dioxide as 
the major source of carbon (Bock, 1978, Matin, 1978). It is estimated that in the 
process of oxidizing 35 molecules of ammonium, nitrifiers fix one carbon atom 
(Wood, 1986). 
In view of the relatively short half-life of NI (4-22 days at 2oc; according to 
Laskowski, 1972 and Redemann et al., 1964) the toxic effects on growth of plant and 
general soil microflora sould become apparent during the early stages of plant growth 
or soon after nitrapyrin application. 
A glasshouse experiment was set up to determine the effect of NI applied to 
soils limed to different equilibrium levels of soil pH, on (i) early growth, (ii) N-
uptake and (iii) the appearance of toxic symptoms in the barley cultivar used (cv. 
Triumph). A separate parallel experiment was carried out to test the effect of NI and 
soil pH on soil respiration at 10oc and 2soc. 
7 .2 Materials and methods 
Soil preparation: Soil collected from the site described in Chapter 2 was air dried 
and passed through a 2mm round-holed sieve. Mixing of appropriate amounts of lime 
(Li=2.3g/kg soil and Lii=6.9g/kg soil oven dry basis) was carried out approximately 
six months prior to the start of this experiment to allow sufficient time for the 
stabilization of both pH and soil microflora population. Soil packed into pots was 
kept in a glasshouse (mean temperature 150C) with regular watering to maintain 
moisture conditions without drainage outflow. 
Experiment 1. Plant growth response: Barley seedlings were raised in 
washed sand trays. Two days after emergence four washed seedlings were 
transplanted into each pot. Upon establishment (3 days after transplanting) the 
number of seedlings was thinned to two plants per pot. Five days after thinning, 
lOml of urea solution( 4mg/ml) mixed with specified rates of nitrapyrin [Nio, no 
nitrapyrin; Nli, 0.56mg (a.i)/lOOmg of urea-N; and Nlii, 2mg (a.i.)/lOOmg of urea-
N] was added followed by 40ml of water. The soil surface was scratched so that the 
solutions infiltrated easily. 
The length of first two leaves was measured six days after application of 
NI/urea treatments (9/6/87). Plant tops were harvested 40 days after treatment 
application and total plant leaf area, weight of top dry matter, number of tillers/plant, 
and total N content of harvested material were determined. During the growth period 
the general appearance of plants was examined for any symptoms of toxic effects 
such as mosaics, scorching, stunted growth, or leaf curling. 
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Experiment 2. Soil respiration: This was estimated at three soil pH levels (5.3, 
7.1 and 8.3). lOg of less than 2 mm soil was added to each of eighteen 125 ml 
sampling bottles. To each was added lml ammonium sulphate solution containing 
2mg/ml ammonium-N. Nitrapyrin(NI) was added to give concentrations of 20ug and 
200ug NI per mg of added N in each set of nine bottles. The moisture content of the 
soil was brought to 70% of field capacity with glass-distilled water. One ml of 0.5% 
nutrient broth (Oxoid'™) solution was then added as asupplementary energy source 
for heterotrophic activity. Air in the bottles was replaced with moist carbon dioxide 
free air by passing air first through a KOH trap and then through water. The bottles 
were sealed with suba plugs. Two sets of treatments (18 x 2) were prepared and 
incubated at 10oc and 25 oc. A sample of 1 ml of air was withdrawn after 2, 5, 8, 
24, 72 and 120 hrs of incubation for estimation of carbon dioxide production by 
thermal conductivity gas chromatography. 
Statistical analysis: Experiment 1 was laid out according to a split-plot design 
with three soil pH values as main plot treatments and three rates of application of 
nitrapyrin as sub-plot treatments. Measurements of growth response were based on 
three replications while each replication consisted of measurements of two plants. 
Experiment 2 was conducted at two different temperatures as two separate 
experiments. Each experiment was laid out in a split-plot design with three 
replications. The significance of the difference between treatment means were 
compared using LSD values. Rates of carbon dioxide production were estimated by 
simple linear regression. 
7 .3 Results and discussion 
Plant growth was measured in terms of total top dry matter, leaf area per plant 
and number of tillers per plant at the end of experiment. None of the growth 
parameters measured varied significantly (p=0.05) with soil pH or nitrapyrin, singly 
or in combination (Table 7.1). However, the total N content of plants was 
significantly affected by soil pH. Nitrapyrin had no significant effect on total N 
content of plant dry matter nor was there any significant interaction effect of nitrapyrin 
and pH. 
The higher lime treatments (Lii) appeared to have had some effect on leaf area 
per plant. Although an effect similar to that observed for leaf area per plant was 
evident in plant top dry matter production, the differences were again not statistically 
significant (p=0.05). Number of tillers was not influenced by either treatment. Total 
N content (mg/g of plant dry matter) showed a slight but significant decline at higher 
soil pH (Lii). Similar observations have been made by Sim and Mackown (1987) 
using tobacco as the test plant. 
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The high level of soil mineral N recovered at the end of the experiment ( 40 
DAT) suggests that N supply was adequate for plant requirements throughout. 
These result given in Table 7 .1 indicate that liming may have influenced the 
total "N-off take" by plants but neither nitrapyrin nor the liming with nitrapyrin had a 
significant effect on total N content (p=0.05). The general growth of the barley 
cultivar Triumph does not appear to have been affected to any significant extent by 
any of the treatments. 
Table 7.1: Leaf area per plant, mean number of tillers per plant, top 
dry matter production and total plant nitrogen at 40 days after 
treatments (DAT). 
Top dry Mean no.of Total 
Treatments LA/plant matter wt. tillers/plant plantN 
mm2. g/plant mg/g 
LoNio 2416 0.67 2.7 5.9 
LoNii 2617 0.74 3.0 6.7 
LoNiii 2438 0.54 2.5 5.9 
LiNio 2384 0.58 2.2 6.0 
LiNii 2572 0.67 2.3 5.5 
LiNiii 2443 0.71 2.8 5.4 
LiiNio 2665 0.74 2.8 4.8 
LiiNii 2959 0.69 3.0 4.9 
LiiNiii 2801 0.72 2.8 5.1 
Lsd (12=0.05} 
L 285 NS NS 0.39 
Lsd at p=0.05 for (NI and LxNI) were not significant for any of the measurements. 
Slight wrinkling of initial leaves of plants was observed in some pots treated 
with the higher concentration of nitrapyrin (Nlii) but no visible symptoms of toxicity 
reported by other workers (such as scorched leaf margins and/or tips, leaf curling, 
stunted growth, chlorosis) were noted. Length of leaf blades was measured regularly 
and mean leaf length was calculated in an attempt to quantify any reduction in 
photosynthetic area. Measurements made 6, 15, 25, and 35 days after treatment 
(DAT) are given in Table 7 .2 and show no significant differences due to treatments 
employed. 
Fig~ 7.1: Effect of nitrapyrin (NI) an~ soil pH on carbon dioxide 
production at 10° and 2soc 
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TlO & T25 refer to 10 and 2soc respectively. 
See Appendix 14 for data and LSD (p=0.05) values. 
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Table 7.2: Mean change in blade length of the first two leaves during 
the first 35 days after treatments (DAT) 
Length of blade /leaf ( mm) 
DAT 6 15 25 35 
Treatment 
LoNio 30(7) 113(8) 328(27) 395(2) 
LoNii 26(10) 103(15) 325(44) 409(15) 
LoNiii 31(8) 100(18) 286(36) 381(3) 
LiNio 30(12) 102(14) 292(32) 393(2) 
LiNii 30(8) 113(23) 298(57) 405(34) 
LiNiii 38(5) 111(15) 283(54) 392(71) 
LiiNio 26(7) 99(10) 343(37) 410(24) 
LiiNii 23(12) 100(16) 298(42) 412(58) 
LiiNiii 25(10} 102(13) 312(47} 419(36} 
Lsd (p=0.05) was not significant at any stage of sampling 
Figures within parenthesis are standard errors 
Soil respiration: Soil respiration changed markedly in response to to soil pH and 
application of nitrapyrin. Figure 7 .1 (a, b,c) shows that the pattern of carbon dioxide 
production at lQOCwas essentially similar to that at 25oc although the amounts 
produced were significantly different. Hence the discussion of carbon dioxide 
production has been restricted to results obtained at 250C(Table 7.3) and Lsds for 
comparison of treatment means at this temperature are given in Appendix 13. 
Table 7 .3: Rate* of carbon dioxide production at 25oc, µmol/g/hr 
Treatment 
Nlo(control) 
Nli 
NI ii 
Lo 
0.87 
0.84 
0.72 
Li 
0.9 
1.76 
2.13 
Lii 
1.17 
1.89 
2.48 
*Calculated from simple linear regression of data obtained for 25 and 72 hours. 
Although there were significant differences (p=0.05) in the amount of carbon 
dioxide produced due to treatments, the rates of production were quite low. The lag 
period, which lasted for about 24 hours, may have been due to soil handling and 
treatment stress on microorganisms (M.A. Line, pers. commun.). Therefore, the 
calculation of rate of carbon dioxide production was based on the results obtained 
between 24 and 72 hours. After 72 hours of incubation the rate of evolution of 
carbon dioxide began to decline. This decline after 72 hourss. could be a result of 
toxicity associated with the then high level of carbon dioxide in the closed 
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environment. 
Production of carbon dioxide was affected both by pH and NI. The 
significance of the result for 120 hours, needs to be considered cautiously since the 
high level of carbon dioxide in the head space of the incubation bottles could have had 
different effects on organisms with variable pH optima. 
Although the application of nitrapyrin at the rate of 20ug/mg of added N to 
limed soil considerably increased the rate of carbon dioxide production, its addition to 
unlimed soil had no significant effect (p=0.05). Rates of carbon dioxide production 
for the two liming rates did not significantly differ at the low rate of nitrapyrin (ie 
LiNli and LiiNli). The increase in rate of NI from 20 to 200ug/mg of N added further 
enhanced the C02 production at both rates of liming. 
Mullison and Norris (1976) reported that nitrapyrin may not affect soil bacteria 
at low concentrations but that it may increase the number of colonies obtained from 
soil extracts at concentrations of 400 and lOOOppm suggesting that at higher rates 
nitrapyrin could favour the growth of some soil microflora. On the other hand 
Laskowski et al.,(1975) reported that nitrapyrin was inactive on soil microorganisms 
other than Nitrosomonas at lOOppm and that it had no effect on carbon dioxide 
production at 95ppm although at 950ppm the amount of carbon dioxide produced was 
significantly lower. Since the concentrations used in the present investigation ( 4 ppm 
and 40 ppm) were far below the levels used by Laskowski et al., (1975) it may be 
suggested that the effects observed in the present experiment may be attributable to a 
simultaneous stimulation of heterotrophic flora and inhibition of autotrophic nitrifiers 
that utilize carbon dioxide. 
Liming is known to enhance both mineralization immobilization turnover 
(MIT) and nitrification processes (Adams and Martin, 1984). Jenkinson (1984) stated 
that when a readily available carbon source is present both mineralization and 
immobilization are likely to be favoured over nitrification processes and heterotrophs 
capable of immobilization may compete successfully with nitrifiers for ammonium as 
an N-source. Therefore factors that cause partial or complete cessation of nitrification 
could encourage immobilization. The increased rate of carbon dioxide production 
with application of lime when compared to that of the control (no lime, no nitrapyrin) 
may have been due to the activity of heterotrophic bacteria exhibiting optimum activity 
at higher pH. The activity of heterotrophic bacteria has been shown to result in much 
greater carbon dioxide production vis-a-vis its consumption by autotrophs (Wood, 
1986). This result may also suggest that some heterotrophic microorganisms in soil 
are capable of using nitrapyrin or one of its hydrolysis products (6-CPA or 6-HPA) in 
their metabolic pathways. The absence of a significant residue level of any of these 
major hydrolysis products in soil has been attributed by Mullison and Norris (1976) 
to their photolysis and microbiological decomposition. 
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The lack of a significant increase in carbon dioxide production following 
addition of nitrapyrin to unlimed soil (Lo treatments) may be due to an unfavorable 
pH for growth of heterotrophic microbes and utilization of available C sources 
(nutrient broth or nitrapyrin). It appears the stimulatory effect of NI on carbon 
dioxide production becomes significant only at higher soil pH probably because of 
better environmental conditions for heterotrophic activity. 
It is also possible that at different pH the soil materials used were supporting 
different microbial populations (Belser and Schmidt, 1986) with different pH optima. 
Such different microbial populations may react differently towards NI as pointed out 
by Hendrickson and Keeney (1979) when they examined the response of nitrifiers to 
nitrapyrin at different pH levels. 
Thus it would be interesting to investigate further whether there are specific 
soil-borne microorganisms capable of utilizing nitrapyrin or its hydrolysis products as 
their C and N source and to determine the possible mechanism of such use. (i.e. 
whether nitrapyrin or its hydrolysed products are biodegradable). 
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CHAPTER EIGHT 
8. Re-distribution of added urea. ammonium-N and nitrapyrin by 
Ieachin2 in artificially packed soil columns. and persistence of 
nitrapyrin in soil. 
8.1 Introduction 
The use of nitrification inhibitors may provide an effective means of reducing 
losses of soil N via nitrate leaching and denitrification (Malhi and Nyborg, 1988b; 
Powell, 1986). Although such chemicals are already used commercially in some 
countries in order to improve crop performance, the reported performance of common 
nitrification inhibitors in many field trials has been highly variable (Appendix 1, 
Sahrawat et al., 1987). Hence the factors that influence the effectiveness of these 
chemicals continue to be the subject of considerable research interest. 
The factors determining inhibitor performance can be broadly classified as 
environmental (soil, climatic, plant, and microbial) and as factors associated with the 
chemical itself (see Section 2.3). According to Hauck (1975) this latter group of 
factors (eg. "product" characteristics such as mobility, specificity and persistence) are 
as important as environmental factors in determining the effectiveness of inhibitory 
compounds. Surprisingly, only a few workers have dealt with "product"-related 
characteristics of nitrification inhibitors. 
Bock (1981) carried out a series of experiments on the mobility of another 
nitrification inhibitor dicyandiamide, in an attempt to determine the extent to which 
this compound separated from applied ammonium ions or urea during mass flow. No 
similar investigations appear to have been undertaken on nitrapyrin except for related 
studies by Briggs (1975), Landua, (1976) and Rodgers and Ashworth (1982) 
(Section 2.3). In view of the lack ofresearch data on "product"-related characteristics 
of nitrification inhibitors and the observed variability in their effectiveness when tested 
in the field and in glasshouse experiments (Goring, 1962; Slangen and Kerkhoff, 
1984) further studies on their behavioral characteristics under different environmental 
conditions are warranted. 
The present experiment was designed to investigate the relative mobility and 
vertical distribution of urea, ammonium, nitrate and nitrapyrin (NI) in a soil column 
in response to successive leachings. Also, the persistence of nitrapyrin was studied 
when subjected to regimes of simulated spring (lQOC and summer (250C) average 
temperatures, with a constant air flow over the soil surface. A knowledge of such 
characteristics should be relevant for a satisfactory explanation of variations in results 
from field and glasshouse experiments. 
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8.2 Material and Methods 
Initially, undisturbed soil columns were to be used because of their closer 
similarity to field soil conditions. . However preliminary investigations with 
undisturbed soil columns (600 mm in length and 120 mm in diameter) extracted with a 
motor driven core sampler into PVC tubes showed that this system was 
unsatisfactory for the planned leaching experiment for reasons described later in this 
chapter (see Section 8.3). 
Thus it was decided to use artificially packed soil columns. Three types of 
column containers were tested viz., glass tubing of internal diameter 45mm with an 
outlet of 8mm in the bottom end; longitudinally split pvc tubing of 50mm internal 
diameter; and a column comprised of segments separated by brass washers as 
described by Bodman and Colman, (1943) but modified to suit the present experiment 
were tested. The Bodman and Colman column was selected because of its advantages 
for the present experiment which are discussed below (P. 132). 
Soil columns: Preparation of the soil columns was carried out according to the 
procedure proposed by Bodman and Colman (1943). The modifications to the 
column included a 50 ml beaker that was inserted in the lower part of the column 
(Plate 5), while, instead of the brass segments used by Bodman and Colman, the 
columns used for the present work were constructed using 6.5mm thick square 
perspex plates with a central circular hole 40 mm (i.d.) (Plate 6). All cut surfaces 
were polished for good visibility of the soil column. When forming the column the 
segments were assembled on two diagonally opposed rods and adjacent segments 
were separated by two lmm thick brass washers. Two layers of fibre-glass gauze 
fixed to the bottom segment and a little glasswool prevented soil from falling through 
but allowed rapid passage of water. When filled with soil the total effective length of 
soil column was 163mm. When sampling the column, copper plates were slid 
through alternate lmm gaps thus separating paired segments to give a sample 
thickness of 14mm (2x 6.5mm + lmm). As each segment accommodated about 7-8g 
of soil (OD basis) the weight of soil in fully packed columns averaged about 132g 
giving an average bulk density of 0.80g/ml. 
The soil used in this experiment was the same as that described in Chapter 3 
except that it had been limed to pH 6.5 after passing through a 2mm seive. The limed 
soil was stored in a plastic container for six months prior to packing into columns. 
Figure 8.1 Schematic diagram showing the experimental procedure followed 
during the leaching experiment 
The diagram shows leaching of air dry soil columns only 
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Air-dry soil columns: Eight sets of duplicate columns ( 16 columns in all) were 
filled with air-dried soil. 2ml of a solution containing 0.325mg urea/ml (150ug urea 
N/ml), ammonium sulphate (NH4+-N 0.35mg/ml) and lOOul of NI (0.24mg a.i.) 
was added to the top of each column. Immediately after addition of the solution the 
surf aces were covered to a depth of Smm with air-dry soil to minimize volatilization 
losses of ammonia and nitrapyrin. With this addition the total length of soil column 
was increased to 168mm. 
Initially saturated soil columns : To study the movement of NI and fertilizer-N 
under saturated water flow conditions, two additional sets (2x2) of similarly prepared 
soil columns were used. The level of water was raised gradually until free water 
stood above the soil surface at the top of the column. These columns are termed "wet" 
columns below. 
Infiltration and Leaching Runs: Time zero for all infiltration and leaching runs 
was that at which water was first applied at the top of the column. Sampling times 
and the duration of each leaching run are shown in Figure 8.1. Although a similar 
number of leaching runs was initiated with both air-dry and wet soil columns the last 
three sets of the latter columns had to be discarded following accidental disruption of 
the regulated water supply during the third leaching. Hence, only two samplings of 
the wet columns under leaching conditions were carried out i.e. following a first 
leaching immediately after fertilizer addition (lL) and a second leaching 3 days after 
fertilizer application (2L). 
Leaching : Leaching was carried out by releasing water onto the upper surface of 
the soil column protected with a moist filter paper and maintaining a head of less than 
lmm depth of water on the surface. A marriotte tube arrangement was used with the 
addition of a regulatory valve on each inlet tube to control water flow (Fig. 8.2). A 
syringe needle was installed lmm above the surface and connected to a constant flow 
pump operated at Sml/hr to suck out any excess water (Plate 6). Distilled water from 
a common reservoir was released at a rate of 1.2-2.Sml/hr. At the beginning of each 
leaching run, it was necessary to supplement water supply manually to establish a 
water head ( <lmm) as rapidly as possible to encourage uniform infiltration. 
The term "leaching run" used below describes the passage of water through 
the columns. Supply of water to all twenty of columns (8 x 2 of air-dry columns and 
2 x 2 of wet columns) was started almost simultaneously. During the first leaching 
run (which may be called "pre-leaching" since controlled application of water resulted 
only in wetting of the complete length of the columns with no measurable outflow) 
three sets of air-dry soil columns were sampled at three different stages. This 
condition was achieved experimentally by interrupting infiltration initially in six air-
dry soil columns (three sets of duplicates) when the wetting front had reached depths 
of 9-lOcm (8hrs), 13-14cm (13hrs) and 16-17cm (18hrs). These three sampling 
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stages have been referred to as stage l, 2 and 3 of the first leaching run in the text and 
in text figures as lL(i), lL(ii) and lL(iii). This part of the experimental work served 
to demonstrate uniform advance of wetting front and also confirmed that uniformity of 
column packing could be achieved with considerable precision. The final procedure 
was adopted only after repeated trials involving at least seven separate column 
packings for testing of water control system, infiltration characteristics and sectioning 
to determine moisture relationships. 
For each leaching run (runs 2 to 6 for initially air-dry soil columns and during 
both runs of wet soil columns) enough water was supplied to produce an outflow 
volume of about 19-20 ml which was earlier measured as equal to one pore volume 
for the columns (mean of eight sets of air-dry columns). The determination of the 
distance travelled was possible only during the first leaching run when the advancing 
wetting front was clearly visible. At the end of 18 hrs water supply to the columns 
was terminated and the columns were kept covered until the next leaching. One set of 
columns was sampled at the end of each run. Although water continued to re-
distribute downwards within the coh ,1~11s after stopping the water supply, no leachate 
emerged from the columns at the end of first run. 
At the end of 18 hours of infiltration, water supply was cut off and twelve 
columns (ten initially air dry and two wet soil columns) were wrapped overall in 
aluminium foil and stored at lQOC in a closed cool room until 36 hours had elapsed 
from time zero. Infiltration was then resumed and continued until approximately one 
pore volume of out flow (19- 20 ml) had been collected. At this point infiltration was 
again interrupted and the columns were stored as before until 68 hours had elapsed 
from time zero. This sequence of operations was repeated with leaching runs 
commencing at 36, 68, 130, 270, and finally 590 hours (Figure 8.1). One set of two 
columns was sampled after each of these leaching runs and the soil segments were 
analyzed as described. The leachates were analyzed separately so that after leaching 
run 2, ten leachates were available for analysis, eight after leaching run 3 and so on 
until there were two final leachate samples after leaching run 6. 
The actual leaching runs were carried out over periods of 36-50 hours (2L) 68-
80 hours (3L), 130-148 hours (4L), 270-282 (SL) and 590-607 hours (6L) (Time 
periods given are rounded up to the nearest hour). 
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Plate 5: Demonstration set-up showing the various stages of the 
present experiment. 
Plate 6 : Upper surface of a leaching column with protecting filter 
paper in position 
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Fig. 8.2: Moisture distribution in initially air-dry (a & b) and initially wet soil columns 
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Sampling: At the end of each leaching run sectioning of soil columns was carried 
out using thin metal slides. Plate 5 shows a column about to be sectioned with copper 
slides positioned between column segments. The soil separates (about 15g soil, 
O.D.) were transferred immediately into aluminium weighing boxes with tight-fitting 
lids and weighed. After mixing, the soil was sub-sampled for analysis of urea, 
ammonium and nitrate plus nitrite (about 5g of sample OD basis), nitrapyrin (l-3g of 
sample O.D.) and the remaining soil was used to determine moisture content. 
Persistence of nitrapyrin: Presence of the chemical in the active form in soil is 
important for effective nitrification inhibition. Hence the persistence of nitrapyrin in 
the soil used was determined by a method similar to that used by McCall and Swann 
(1978). Air-dried soil (25g O.D.) in each of sixty 600 ml tall bottles (210mm tall and 
70mm i.d.) was moistened to about 75% of field capacity and mixed thoroughly 
before addition of 50µ1 of nitrapyrin solution. Half the number of bottles maintained 
at each temperature (100 and 250Cwas subjected to a constant air flow of 120 ml/min. 
Air flow was directed through a water bath that was used to adjust the flow rate as 
' 
well as to moisten the air. 
Analytical procedures: For the analysis of urea, ammonium and nitrate (including 
nitrite) extracts were prepared by shaking 5g (0.D> basis) of soil with 25ml of KCl-
phenylmercuric acetate (PMA) solution for two hours followed by filtering (whatman 
42). The PMA solution was prepared by dissolving 1500g of KCl in 9 liters of water 
and adding 1 liter of 50ppm PMA solution. An aliquot of the filtered extract was used 
to analyze urea by the modified diacetyl monoxime method (Douglas and Bremner, 
1970). A further aliquot was used to determine ammonium and nitrate plus nitrite N 
by the steam distillation method described by Keeney and Nelson, (1982). 
Nitrapyrin was determined by extracting 1-2g (OD basis) of soil with lml of 
re-distilled Analar™ hexane containing hexadecane (120ug/ml). Hexadecane was 
used as an internal standard. An aliquot of the extractant solution (about l-2ul) mixed 
with soil was kept overnight at 2oc before determination of nitrapyrin by MS/GC 
(mass spectrometry coupled with gas chromatography). The concentration of 
nitrapyri~ in the extract was estimated using a standard curve prepared from a series 
of known NJ/hexadecane concentrations (Appendix 16a). 
A Hewlett-Packard model 5890 gas chromatograph coupled with a moi:lel 
5970 mass selective detector equipped with a 25m ( 0.32um-i.d. x 0.52um o.d.) HP 
5 column with 5% phenyl methyl silicone (cross-linked) was used for the analysis. 
The oven temperature was 2QOOC isothermal, and the injector temperature was 
2500C.Head pressure was 75.845 N/m2. Helium was used as the carrier gas at a 
flow rate of l.7mVmin (measured at room temp with oven temp at 200 °C). An 
application volume of 1-2ul was split in a 10:1 ratio for GC/MS measurements. 
This method consistently gave very high reproducibility and was sensitive 
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enough to detect trace amounts (O.OOlug) of nitrapyrin. A typical mass-spectrogram 
of nitrapyrin and the standard curve used in the assay is given in Appendix 16b. 
8.3 Results and discussion 
Experimental procedures : The decision to use artificially packed soil columns 
instead of undisturbed soil columns was based on observations during preliminary 
experimentation. The use of intact soil columns extracted into PVC tubes resulted in 
seepage of water along the PVC tube wall/soil interface which could not be prevented 
satisfactorily without altering the soil structure. When tightly-fitting soil cores were 
extracted a considerable degree of compaction of soil around the tube wall was 
unavoidable, thus reducing the entry of water into such areas. Furthermore, the 
permeability along the column varied because of the duplex nature of the soil profile, 
with water moving rapidly through the sandy loam A horizon, but very slowly 
through the clay B2 horizon thus causing water stagnation within the column. 
However it was noted that some workers reportedly achieved a condition of field 
capacity in undisturbed duplex soil columns and appeared to have overcome the 
problem of stagnating water as no reference was made to such difficulties (Davey and 
Simpson, 1987). The permeability of undisturbed columns was affected also by large 
stones within the columns that were discovered only at the time of sectioning. Cutting 
these columns into thin sections was difficult and time consuming. Use of 
longitudinally-split PVC tubes helped to overcome the problem of delay in sectioning 
but posed a further complication as the horizontal placement of undisturbed columns 
for sectioning resulted in change of direction of water movement and was also 
conducive to contamination of neighboring sections. These two problems do not 
appear to have been addressed by Bock et al. (1981) in his study using unsplit PVC 
tubes containing undisturbed soil columns. 
In view of the difficulties in realizing a reasonably uniform water flow and the 
problems associated with sampling of undisturbed soil columns three different types 
of artificially packed soil columns as described earlier were tested. In addition to the 
benefits highlighted by the original users, further advantages of the column proposed 
by Bodman and Colman (1943) were that: 
1. it was possible to avoid almost completely any contamination of neighboring 
samples at the time of sampling; 
2. sectioning was easy and almost instantaneous so that no change in flow direction 
resulted during the sampling; 
3. it was possible to maintain uniformly aerobic conditions throughout the column as 
free lateral movement of air could occur through the gaps between the sections; 
4. the development of positive air pressure in front of the wetting front associated 
with flow in closed or tapered columns as described by Sander and Paralang (1984) 
96 
was avoided; 
5. the moving wetting front was clearly visible through the polished perspex sections 
of the column so that uniformity of water flow could be confirmed; and 
6. each segment was packed with the same amount of soil so that uniform bulk 
density was achieved throughout the column. 
Relative mobility and distribution of moisture, urea, ammonium N, 
nitrate N, and nitrapyrin during infiltration: 
In initially air dry soil columns. 
Movement of water and urea: The distribution of moisture during the first 
leaching run of the air-dry soil columns is shown in Figure 8.2a. The moisture 
content in initially air-dry soil columns subjected to further leaching (runs 2 to 6) are 
shown in Figure 8.2b. The observed moisture distribution pattern through the 
column closely resembled that reported by Bodman and Colman (1943) who also 
used air-dried sandy loam soil in their investigation of moisture distribution during 
downward movement of water. The distribution of moisture in initially wet soil 
columns (Figure 8.2c) was not much different to that observed after leaching runs 2 to 
6 into initially air-dry soil columns. The infiltration rate for initially air-dry soil 
columns during the first leaching run averaged 1.1 ml per hour. It was not possible to 
measure directly the infiltration rate for initially wet soil columns as the wetting front 
in these columns was not visible and also because leachate began emerging from the 
bottom of the columns soon after the start of the run. However the detection of traces 
of urea in the leachate collected from initially wet columns after the first leaching run 
suggested that the infiltration rate for wet soil was higher than the infiltration rate for 
initially air-dry soil. As stated earlier no leachate emerged at the end of the first 
leaching run in initially air-dry soil.(See Figure 8.2 a-c). 
The movement of urea in initially air-dry soil columns took place quite rapidly 
with the urea peak appearing a few mm behind the wetting front (Figure 8.3a and b). 
As shown in the Figure 8.3a continuation of leaching from stage i to stage iii resulted 
in a marked shift of the urea peak down the soil column. Although no leachate 
emerged at the end of the first leaching run, detectable levels of urea were found in 
leachates collected after the second and third leaching runs. A similar movement and 
distribution pattern of urea was observed by Mahendra Singh et al. (1985) when they 
leached a sandy loam soil, while Broadbent et al., (1958) and Wagenet, et al. (1977) 
reported rapid movement of urea in other types of soil. Rapid translocation of urea 
during leaching may be attributed to the organic matter (Chin and Kroontje, 1962), 
and/or low clay content of soils (Balwinder Singh and Bajwa, 1985) as well as 
uniformity of the soil columns in the present study. 
Fig. 8.3 : Distribution of urea-N in soil columns subjected to leaching. 
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(i), (ii) and (iii) represent one to three stages of sampling during the first leaching run respectively. 
Actual depth of sampling= Y axis (segment no.) x l.4cm (height of one segment) 
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Diagram 1: Schematic diagram of leaching column shown in picture. 
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Recovery of urea-N declined rapidly from 85.9% of the total urea-N added at 
8hr to 78.7% at 13 hr and then to 70.3% at 18 hr after the start of first leaching run 
(zero time). The recovery of urea-N after the 2nd and 3rd leachings was much lower 
32.3 and 15.4 per cent of the total urea-N added respectively (F~gure 8.4a and 
Appendix 14). Urea-N appeared in the soil and leachates collected for the second and 
third leaching but no urea was detected in either soil or leachates thereafter. Even at 
the end of the second and third leachings some samples from the upper half of the 
columns gave only a trace of pink colour in the diacetyl monoxime test, and could not 
be measured satisfactorily (Figures 8.3a and 8.4c). 
The estimated rate of urea hydrolysis increased with time from 1.75 ug urea-
N/hr at the 5 hr sampling to 4.34 ug urea-N/hr at 13 hrs and then increased further to 
5.06 ug urea-N/hr at 18 hrs. However the rate of urea hydrolysis estimated at the end 
of the 2nd and 3rd leachings showed a marked decline (Figure 8.4b ). The rate was 
calculated both on an incremental and cumulative basis using the equations shown in 
Appendix 14. The initial increase in urease hydrolysis was caused probably because 
of unused exocellular urease present in the lower part of the column coming into 
contact with advancing urea molecules. This increase may also be attributed partly to 
the increased activity of urease-producing microorganisms stimulated by the supply of 
urea. The decline in the rate of urea hydrolysis that followed with subsequent 
leaching probably resulted because, by the time of the 2nd and 3rd leachings, a 
significant volume of the columns had much less urea due to its earlier rapid leaching 
and hydrolysis. No detectable urea-N was detected in any of the later columns or 
leachates. 
The disappearance of urea seemed to be relatively rapid in this experiment 
when compared to experiments described previously which gave peak urease activity 
between 5 and 15 days after urea addition (see Chapters 4 and 6 above). This may 
have been due to the greater soil/urea ratio and also to the fact that there were no 
leaching losses of urea in the earlier pot and incubation experiments. 
Initially wet soil columns were analyzed at the end of the first and second 
leaching runs (i.e. 18 hrs and 72 hrs respectively after the beginning of the 
experiment). Since the moving wetting front in initially wet soil could not be 
observed, an initial three stage sampling as for initially air-dry soil was not carried 
out. However, it was noted that leachate started appearing from initially wet columns 
soon after the introduction of water to the top of the columns. It seems that this 
infiltrating water displaced the moisture in the wet soil. A volume of about 19 to 20 
ml of leachate was collected for each run. The amount of urea-N recovered and its 
pattern of distribution did not differ much from that of the initially air-dry soil 
columns except for the small quantity of urea recovered from the leachate of the first 
leaching run of initially wet columns. Mahendra Singh et al. (1985) also noted the 
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similarity in pattern of distribution of urea in air-dry and wet soil columns. However, 
the present study showed that the rate of movement of urea through initially wet soil 
columns was slightly higher than that in initially air-dry soil columns (Figure 8.4c) 
whereas Mahendra Singh et al., (1985) found movement of urea to be similar 
irrespective of soil moisture status . 
Some workers have reported increased urea hydrolysis at higher moisture 
contents (Kumar and Wagenet, 1984; Rachinsky and Peltser, 1965). However the 
results obtained from the present experiment did not show a significant difference in 
residual urea between initially air-dry and wet soils. The tui:al recovered from the 
initially wet columns was slightly higher than that from the corresponding initially air-
dry soil columns. The present observations agree with the findings of Overrein, 
(1963) and Zantua and Bremner (1977b) who reported that there was no effect of 
moisture on urea hydrolysis. On the other hand Dalal (197.5) reported that urea 
hydrolysis decreased with increased soil moisture. ~ 
Urea-N recovered from initially wet soil columns was spread over a greater 
column length than for initially air-dry soil. The ~stribution pattern shown in Figure 
8.4c compares the percent urea-N recovered from each section (at 14 mm depth 
intervals) in relation to total urea added. 
Distribution of ammonium and nitrate N: Ammonium-N recovered at a given 
sampling time was the net result of native ammonium in the soil plus added 
ammonium, plus ammonium formed due to urea hydrolysis and by mineralization, 
less losses of ammonium (nitrification, leaching, ammonia volatilization and 
immobilization of ammonium). Ammonia volatilization was not measured but was 
assumed to be minimal due to low temperature and wrapping of the columns with Al 
foil to reduce air circulation during the experiment Mineralization and immobilization 
turnover was also assumed to be minimal because of the low temperature and also 
because of no additional C source. In a separate experiment it was found that the 
activity of heterotrophic soil microorganisms did not change when N was added 
unless a C supplement was also incorporated (M.A. Line, pers. common.). On the 
other hand urea hydrolysis and nitrification may be expected to have contributed to the 
net ammonium recovered at each sampling. Hence the distribution patterns of 
ammonium ions during a leaching run can be influenced by these factors in addition to 
the mass flow effect. 
As shown in Figure 8.5 (a and b) and the data given in Appendix 17a the 
introduction of ammonium into columns from the surface resulted in a sharp increase 
in ammonium concentration in the upper segments of the soil columns. The 
ammonium-N levels at different depths after each leaching run can be presented as a 
percentage of the mean total ammonium-N recovered for each set of columns. 
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This facilitates comparison of distribution patterns of ammonium-N without 
complications that may arise from differences in the balance of ammonium gains and 
losses between leaching runs (See Fig 8.5c and d). 
The concentration in the lower half did not change during the first and second 
stages of the first leaching run simply because water did not reach lower depths. 
Therefore the data for depths greater than lOcm for lL(i) and 14cm for lL(ii) 
represent the native ammonium concentrations. However the ammonium-N 
concentrations increased appreciably in the lower part of the columns after the end of 
first [lL(iii)] and second leachings (2L). 
Subsequent leaching runs resulted in progressively shorter but broader peaks 
of ammonium-Nin the upper part of the soil columns that continued to diminish until 
the end of the experiment (Figure 8.Sb). However the concentration of ammonium-N 
in the upper half of the columns was always higher when compared to the original 
levels of soil ammonium-N. The slow and regular decline in ammonium-Nin the 
upper part of the columns was in contrast to the rapid and irregular fluctuations of 
ammonium-Nin the lower parts of the columns (Figure 8.4b). The ammonium levels 
in the lower part of the columns continued to increase until the end of the second or 
third leaching but declined rapidly thereafter. Ammonium-Nin the lower parts of the 
columns seemed to be more "active" than that in the upper layers. These changes 
were reflected to a lesser degree in the levels of ammonium-N recovered from the 
corresponding leachates (Appendix 17a). However the leachates did not contain 
particularly high amounts of ammonium-N. 
If ammonia volatilization had a significant influence on levels of ammonium-N 
more of this form of N should have been lost from the upper parts of the columns 
where the concentration was higher. Presumably the initial increase in ammonium-N 
in the lower part of the columns occurred due to both translocation of urea and its 
subsequent hydrolysis, and to slow translocation of ammonium ions, while the later 
decline may be attributed mainly to the nitrification process. In order to assess the 
contribution of nitrification to the observed fluctuation of ammonium-N levels, the 
nitrate-N levels in columns and leachates were also assayed. 
The original nitrate-N concentration in the soil was quite low (5-10 µg/ g soil). 
Figures 8.6a and b show the pattern of change in nitrate-Nin the columns. Although 
the pattern of nitrate-N distribution changed markedly at each of the three stages of the 
first leaching run the total amount recovered (Appendix 17b) did not vary 
significantly. This indicates that the nitrate peaks that were located just behind the 
wetting fronts (Figure 8.6a) were caused by the movement of native nitrate-N with 
mass flow rather than the nett effect of nitrate production. The levels of nitrate-N 
beyond the wetting front at stages (i) and (ii) of the first leaching run represent the 
native soil nitrate-N. At the end of leaching run-2 (2L) the nitrate-N concentrations 
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showed an almost linear increase with depth while the 20ml of leachate collected 
contained 24.5% of the total nitrate-N recovered. Subsequent leachings resulted in a 
gradual decline in the nitrate-N recovered from the columns, but the concentration of 
nitrate-Nin the leachate fluctuated widely as shown in the Figure 8.6c and Appendix 
17b. The nitrate-N content of the leachate was the lowest after the third leaching run 
(3L) and increased again until after the fifth leaching run (5L). The amount of nitrate-
N in the leachate again declined after the sixth leaching run (6L). It may be noted that, 
unlike ammonium-N, the changes in nitrate-N concentration in the columns had little 
relation to the changes in nitrate-Nin the leachates. (Figure 8.6a,b, and c) 
Leaching of columns appeared to have removed a total of 386( +37)ug nitrate-
N per column. This amount was greater than that measured in the soil columns after 
the first leaching run which had no leachate (about 340( +22)ug per column). Since 
another 168(+31)ug of nitrate-N (mean of duplicate) was recovered from the soil in 
the columns subjected to the sixth leaching it would appear that a significant amount 
of nitrate-N was produced in the columns during the period of this experiment. 
The distribution patterns of ammonium-N after leaching of initially wet soil 
columns were similar to those observed in the case of columns of initially air-dry soil. 
The higher ammonium-N concentration found in the upper half of the initially wet soil 
columns after first and second leaching runs indicated restricted movement . In 
contrast, nitrate-N seemed to have moved rapidly and appeared even in the leachate 
collected after the first leaching run. Although leachates were rich in nitrate-N, no 
distinct nitrate-N peaks could be found within the initially wet columns sampled after 
leaching. Presumably nitrification had occurred during the periods between 
successive leaching runs and the nitrate-N produced was subsequently leached from 
the columns (See Figure 8.6b) 
Although the total amount of nitrate-N recovered at any given sampling time 
was much less than the ammonium-N recovered it was still greater than the mean total 
native nitrate-N levels, thus indicating positive net nitrification in all the soil columns. 
Since nitrification inhibitor was added to the soil with ammonium even the small 
increase in nitrate production that occurred was somewhat unexpected. Moreover, in 
view of the low temperature that prevailed during this experiment volatilization and/or 
hydrolysis losses of nitrification inhibitor would have been negligible, thus giving a 
better likelihood of inhibition. As the rate of nitrification increases with temperature 
(Mahendrappa et al.,1966; Myres,1974) there is a high possibility that such rapid 
increase in nitrification could significantly affect N loss by leaching. 
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Figure 8.6(a & b) : Distribution of nitrate N in (air-dried soil) columns 
a. afcr three _stages of first leaching run 
N03-N µg/sectlon 
0 10 20 30 40 50 60 
zzz 
OOO 
'f et' cp 
_., _., _., 2 4-~----ci ........ ~~~~,....... ......... ~ 
- · 
b. after 2nd to 6th leaching runs 
N03-N µg/sectlon 
0 10 20 30 40 50 60 
0 
+ + * + + 
zzzzz 
00000 
wwwww 
m tn ~ i.> N 
2 
6L SL 4L 3L 2l 
C. Nitrate-N in leachates (initially air-dry soil columns) 
! 
0 
n 
'O;-
:1.. 
z 
I 
M 
0 
z 
100T"-~--~~~~~~~~~~~~~ 
80 
60 
40 
20 
0 
2 3 4 
Leeching run (no) 
5 6 
108 
As there was no distinct distribution pattern of nitrate-Nin the columns except 
during the first leaching (probably due to rapid translocation of this ion) it was not 
possible to discover whether nitrification occurred throughout the columns or whether 
it showed spatial heterogeneity. However, for reasons given above, and assuming 
that ammonium in the columns declined mainly due to nitrification rather than due to 
immobilization or ammonia loss, the pattern of decline in ammonium concentration 
may be used as an indirect indication of the distribution pattern of nitrate-N produced 
in the columns. Further, the observation that ammonium-Nin the upper parts of the 
columns declined relatively slowly when compared to the rapid changes (especially 
rapid decreases) in the lower part of the columns, suggests that there could have been 
an additional factor or factors involved in the decline of ammonium-Nin the lower 
part of the columns. As physical losses of ammonium-N (by leaching and 
volatilization) should obviously be greater from sites of higher concentration (i.e. 
upper part of column) the main reason for greater fluctuation of ammonium-N levels 
observed in the lower part of columns may be attributed mainly to nitrification. 
Therefore the distribution pattern of nitrification inhibitor was determined in order to 
facilitate explanation of the indicated spatial heterogeneity of nitrification within the 
columns. 
Movement of nitrapyrin: Movement of nitrapyrin (NI) in initially air-dried as 
well as in initially wet soil was very slow during the entire period of the experiment. 
As nitrapyrin could be lost by volatilization and hydrolysis, and also to facilitate its 
detection, the amount added was four times that used in previous experiments 
(Chapter 6 and 7). More than 90% of nitrapyrin recovered after each leaching run 
was found in the first 3cm of the columns (Figure 8.7a and b). Because of this 
limited movement of nitrapyrin, the urea peak advanced ahead of the NP peak soon 
after the start of the first leaching (compare Fig.8.2a and Fig. 8.7a). On the other 
hand, because of the slower rate of movement of ammonium ions, the zone of peak 
concentration of NI overlapped that of ammonium-N for a longer period i.e., during 
the first three leaching runs (Figure 8.3a and 8.7a) after which ammonium-N moved 
ahead of NI (Figure 8.3b and Figure 8.7b). 
Even with successive leaching little nitrapyrin was transported towards the 
middle of the columns (Figure 8.7b) and the amount recovered from depths greater 
than 4cm did not exceed 1 % of the total NI recovered after any leaching run. The 
amount of NI recovered from each column (shown in absolute terms in Appendix 16) 
indicates that the concentration of NI at lower depths in the columns was much lower 
than the minimum concentration of 5-lOug nitrapyrin/g soil necessary to effectively 
inhibit nitrification in mineral soils (Rodgers and Ashworth., 1984; Sahrawat, 1987). 
Figure 8.7 (a-c): Distribution of nitrapyrin in soil columns,(a & b)= initially air dry soil, c= initially wet soil 
a. after three stages of first leaching b. after 2nd to 6th leaching 
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In the initially wet soil columns the pattern of distribution was slightly 
different. Traces of NI moved relatively faster when compared to NI movement in the 
corresponding leaching runs of initially air-dry soil columns. Nonetheless, as for air-
dry soil, the bulk of the NI (more than 90% of the total recovered at any given time) 
was found in the upper 1-3 cm of the column with traces only extending to the middle 
of the columns by the end of the second leaching run (Figure 8.7c). 
In laboratory studies, Goring (1962) found that nitrapyrin broadcast on a pre-
fertilized soil was more effective in controlling nitrification if followed by 25mm of 
water (rain) than a broadcast mixture of nitrapyrin and fertilizer without immediate 
leaching. His conclusions were based on nitrate production rates of the confined total 
soil mass. However if the conditions exist for spatial (physical) separation of 
ammonium-N from nitrapyrin, as in the present experiment and in most field 
situations, the extent of inhibition may be reduced. Excess watering or leaching may 
result in a significant shift of the ammonium-N away from areas with effective 
nitrapyrin concentrations. Further, the extent of translocation of nitrapyrin and 
ammonium-N can be influenced by soil characteristics such as cation exchange 
capacity and the amount of organic matter present (Sahrawat et al., 1987). Since 
nitrapyrin moved into wet soil much faster than into dry soil (Figure 8.7c) application 
of a fertilizer/nitrapyrin mixture between waterings could prove a useful technique for 
irrigated soil. 
However in field situations where preferential water channelling or fingering 
could occur, the situation may be different to that observed here. Briggs (1975) 
observed a fairly slow rate of movement of nitrapyrin in field experiments. He 
reported that NI moved only 7.5cm into a soil in field condition (he used intact soil 
columns buried in the field) after receiving 140mm of rainfall over a period of four 
weeks. 
Despite the low temperature and confined conditions maintained during the 
present experiment the total amount of nitrapyrin recovered after each leaching 
declined steadily. Goring (1962b) and Laskowsky et al., (1978) found that loss of 
nitrapyrin could occur due to volatilization and also due to hydrolysis to 6 chloro 
picolonic acid. Hence a knowledge of nitrapyrin persistence in soils to which it is to 
be applied would be of considerable relevance in interpretation of experimental results 
and for its use in the field. 
Persistence of nitrapyrin : The effect of the air flow on the persistence of NI was 
marked at both temperatures (Appendix 15). Concentration of NI declined 
logarithmically over the period of experimentation at both temperatures. The rate of 
decline was much slower at low temperature than at high temperature. At both 
temperatures air flow caused an accelerated loss of nitrapyrin (Figure 8.8). As 
explained by previous workers (Goring 1962a, Laskowsky et al., 1977) this decline 
1 1 1 
in NI concentration could have occurred due to natural breakdown into 6-chloro 
picolonic acid (or another major derivative as proposed by Kallilo et al., 1980) or by 
direct volatilization losses. The air-flow effect was much greater than that of 
temperature, hence that the loss of NI could be attributed mainly to the volatilization. 
Soil drying during the experiment would be expected to have caused greater 
NI losses at 25oc than at lQOC This effect may be seen in the different gradients of 
the curves in Figure 8.8. The results also suggest that the effect of air flow is 
enhanced at the higher temperature and that these two factors in combination result in 
greater loss than the sum of the individual losses due to air flow and temperature 
alone. McCall and Swann (1977), however, showed that although evaporation of 
nitrapyrin increased with increasing temperature, losses of NI were greater at higher 
temperatures from wet than from dry-soil. 
As shown in Figure 8.8 the rates of disappearance of NI varied with both 
temperature and air flow. However, since the moisture contents at the two 
temperatures were different, it appears that the persistence of NI could have been 
influenced by the confounding effect of soil moisture with temperature and air flow. 
In conclusion it seems that under the conditions of the main experiment, 
nitrapyrin has a very low mobility both in air-dry and wet soil. If a nitrogen source as 
mobile as urea is used as a fertilizer the effectiveness of nitrapyrin may be greatly 
reduced due to a small proportion of the applied urea that would remain with the bulk 
of the nitrapyrin in a leaching situation. However, _since the ammonium ion has a 
much lower mobility than urea,it will remain in closer proximity to NI for a longer 
time thus allowing greater inhibition of nitrification. The indications are that under 
wet conditions applied nitrapyrin will move slightly faster in soil than when leaching 
follows its addition to initially dry soil. However, since NI persistence may be 
reduced under wet conditions as suggested by McCall and Swann (1977) the 
effectiveness of inhibitor applied to initially wet soil may still be reduced. 
This slowness in movement of NI probably allowed nitrification to occur in 
the lower part of the soil columns, while inhibiting it in the upper parts of the column 
as indicated by low rate of disappearance of ammonium of from from the upper part 
of the columns throughout the experiment. This could mean that complete 
incorporation and mixing of NI into soil might greatly improve its effectiveness. 
Such a technique would also help to reduce volatilization losses due to wind which 
could be substantial for surface-applied NI. Application when temperatures are low 
would further help to prolong NI persistence. 
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Figure s.i: Effect of air flow and temperature on persistence of NP added to 
soil 
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CHAPTER NINE 
9 Effect of urea and nitrification inhibjtor with and without limim: on 
soil nitroeen transformation and on erowtb and erain yjeld of barley 
(cy. Triumph) 
9.1 Introduction. 
The experiments discussed earlier in this thesis indicated that application of a 
nitrification inhibitor (nitrapyrin) could affect N transformation processes in the soil, 
effectively inhibiting the nitrification process (Chapter 6). Addition of nitrapyrin to 
the test soil did not significantly affect the early growth stages of barley in the 
glasshouse whereas lime amendment resulted in significantly increased growth of 
young plants (chapter 7). However, results of experiments carried out in the 
controlled environment of a glasshouse are of limited agronomic application 
In view of reported growth responses of grain crops such as barley and wheat 
to liming under local conditions, the practice of liming can be expected to gain greater 
acceptance in management of widely distributed acidic, sandy surface soils. A further 
consideration is the increasing use of nitrogenous fertilizers such as urea that are 
contributing to soil acidification. It is known that lime-mediated soil pH increases 
may bring about changes in biochemical activities involved in N transformations in 
soil (Adams and Martin, 1984; section 2.2 of this thesis). Hence, it is essential to 
study field crop performance in relation to such biochemical changes in order to 
achieve optimum crop production. The relationship of N transformation in soil to N 
availability has added significance with respect to barley since N content is a vital 
factor determining quality for different purposes (high N content is needed for feed 
whereas malting quality grain production requires a specific level of N). New or 
introduced cultivars should be evaluated in terms of different agronomic practices that 
affect soil N availability especially since in the case of malting barley even though 
increased yields are desirable,it is absolutely necessary to maintain grain N 
concentration below 17 .5 g kg-1. 
As pointed out in the general introduction (Chapter 1) the commercial use of a 
fertilizer amendment such as nitrapyrin must be justified in terms of its efficiency in 
comparison to that of various other field fertilizer management practices such as time 
of application, method of application and number of times the fertilizer is applied. 
Therefore comparative research on N management practices is well justified. 
The present experiment was designed to show the effects of liming and urea 
application on performance of barley grown in the field. The efficiency of nitrapyrin 
as a fertilizer amendment was compared to single and split fertilizer applications at 
different soil pH values (obtained by variable liming) in terms of growth performance 
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(straw and grain production) and N availability. 
9.2 Materials and Methods 
The site used in this experiment was situated adjacent to the experimental site 
described in chapter 3 (Plate l, page 57). The experiment was conducted in 1987-
1988. The site had a long history (about 30 years) of pasture and had been cropped to 
wheat and oats respectively in the two previous years (1985,1986). 
Duplicate main plots (26 x 6.5 m) were treated with lime on 6th February 
1987. The treatments were applied according to a three way split plot design (Lo, nil 
lime; Li, 2.5 mT/ha; and Lii-7.5 mt/ha). Immediately after application lime was raked 
in and after two days the plots were disc harrowed for a better mix. Plots were then 
left until June and then chisel ploughed before sowing at the rate of 120 kg seed/ha. 
Nine sub-plot treatments were applied within the lime treatments (Table 9.1). The size 
of a sub-plot was 8 x 1.5m. A lm and 0.5m wide buffer was maintained between 
main plots and sub-plots respectively. 1.5m wide buffer strips were established 
around main plots. Rainfall received during the period between February and May is 
shown in Appendix 6. 
Table 9.1 Treatment symbols and description. 
Main plot treatments 
Lo -Control -no lime application, (pH 5.2) 
Li -Soil limed at the rate of 2.5mt/ha (pH 5.8 ) 
Lii-Soil limed at the rate of 7.5mt/ha (pH 6.6) 
Sub plot treatments 
TO -No added nitrogen no nitrapyrin (Nlo)(control). 
Tl -50 kg of N/ha at sowing, no nitrapyrin (Nlo ). 
T2 -50 kg of N/ha with 0.56 kg (a.i)/ha of NI at sowing. 
T3 -50 kg of N/ha with 2 kg (a.i.)/ha of NI at sowing. 
T4 -100 kg of N/ha at sowing, no Nitrapyrin (Nlo). 
T5 -100 kg of N/ha with 0.56 kg (a.i)/ha of NI at sowing. 
T6 -100 kg of N/ha with 2 (a.i) kg (a.i)/ha of NI at sowing. 
T7 -50 kg of N/ha with no NI (Nio), at stem elongation. 
T8 -100 kg of N/ha, split 50kg at sowing and 50kg at stem elongation, no NI. 
outlet connected 
Lo a 50 ml syringe 
for stirring 
clear perspex top 
16 gauge metal 
bottom ----ti" 
35cm 
lOc 
30cm 
Diagram 2: Schematic drawing of a chamber used for 
measuring a11111onia volatilization. 
rubber septum 
wide mouth bottle 
containing 50 ml of 
0.5N H2S04 
soil surface 
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The appropriate concentrations of urea and nitrapyrin were blended by pouring 
nitrapyrin solution over the solid urea in a glass jar and mixing thoroughly with a 
glass rod. Immediately after broadcasting, the fertilizer/NI mixture was carefully 
incorporated into the soil by hand raking of individual plots. This procedure was 
carried out in the field just prior to sowing. 
Plant and soil specimens were collected and analyzed as described in Chapter 
3. Progressive crop performance was measured in terms of top dry matter 
production, leaf area index (LAI:estimated using ten randomly selected individual 
plants at various growth stages), grain and straw yield and harvest index (HI) 
(Chapter 5). Light interception data were obtained at 120 days after sowing (DAS) 
Ammonia volatilization was measured using the type of chamber shown in 
Diagram 2. The chambers were installed in triplicate on three differently limed sites 
ie. Lo, Li and Lii (without NI) immediately after sowing. Chambers were dismantled 
on three occasions at two day intervals (i.e., at 2, 4 and 6 DAS) and ammonium-Nin 
20 ml of the 0.5N sulphuric acid absorbent solution was determined by steam 
distillation (Bremner, 1965) following treatment with sufficient fused MgO to ensure 
complete release of ammonia. The locations of the chambers were changed after each 
dismantling for specimen collection since prolonged confinement of one site will cause 
the site to differ considerably from the outside unconfined area (eg. differences in 
wind effect, humidity, and partial pressure of ammonia). 
9.3 Results and Discussion. 
Crop performances 
Dry matter production and the leaf area index: Data have been plotted in 
Figure 9.1 (a, b, c) and means and analysis of variance are given in Appendix 17. 
The regressions used to determine the rate of top dry matter production are given in 
Appendix 18 
Slight indications of treatment effects at 20 DAS became more apparent at 
45DAS and were further accentuated at 100 and 140 DAS. (Figure 9.1). On the other 
hand, although the responses to lime were significant (p=0.05), the results with 
respect to NINI treatments (TO-T8) were rather variable and no clear trends could be 
established in early stages of growth. However, with the season progressing, the 
effect of N began to appear. 
The significantly lower dry matter production in response to (To) treatments 
and (Lo) treatments was evident after the second sampling and Mendham and Russell 
(1987) also observed that this barley variety responded positively to both lime and N 
applications. According to the results obtained it is not only the amount of N that may 
have an effect on plant growth but also the way N is applied (eg. with or without 
nitrapyrin as a single, or split, application) could also be important. 
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Figure 9.1 (a-c): The effect of NINI (T) treatments on dry 
matter production of barley. 
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Simple regressions (Appendix 18) of the data plotted in Figure 9.1 show the 
rates of top dry matter production. It is clear that addition of lime and nitrogen (L and 
T treatments) resulted in marked increases in the rate of dry matter production 
compared to that of the control (ToLo). The trends of dry matter production in 
response to both rates of liming (Li and Lii) appear to be very similar. 
It should be noted that although the linear regression of growth curves of 
sigmoidal nature do not cover the various growth aspects of the later stages 
adequately, the technique is used here since only the dry matter production which level 
out towards the later stages of growth has been compared. According to the 
regression equations in Appendix 18, the rates of dry matter production in all NINI 
treatments (TI to T8) were greater than that of TO regardless of lime application (Lo, 
Li and Lii). The split NINI treatment (T8 ) gave the highest dry matter production rate 
within each lime treatment. The rates of dry matter production in response to low N 
treatments without lime (Lo{fl, T2 and T3 =50kg N/ha) were not markedly different 
from those in response to higher rates of N at the higher rate of liming application (Lii/ 
T4, TS, T6 and T8). In contrast there were marked differences in the rates of dry 
matter production in response to low versus high N in limed soil (Li and Lii). 
Interestingly, the rate of dry matter production in high lime (Lii) plots with low N 
(Figure 9.lc) were less than corresponding treatments of low lime (Li) plots (Figure 
9.lb). When the amount of added nitrogen was increased from 50 to 100 kg N/ha the 
increase in rates of dry matter production in Li plots was greater than that of Lii plots. 
This suggests that although the response of the tested barley variety to N may be 
enhanced by liming but the effect may be reversed by excessive application of lime. 
Therefore, while supporting the observation by previous workers (Mendham and 
Russell, 1987) that both lime and N application can improve dry matter production of 
barley cv. Triumph, the present results also underline the need to workout a balance 
between these two amendments for optimum dry matter production. 
Leaf area Index (LAI): The observations on dry matter production were further 
supported by the leaf area indices shown in Figure 9.2(a,b,c). 
As in the case of dry matter production the LAI did not show treatment 
differences in the initial stages but with increasing plant growth, the effects of 
different NINI treatments on LAI were apparent. On the other hand liming was found 
to have significantly affected the LAI of the crop from the very first stage of sampling 
(30 DAS). Since LAI is a direct indicator of effective photosynthetic area of the plant, 
the changes observed due to lime and NINI treatments can be related to the dry matter 
production capability of the plants. 
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Figure 9.2 (a-c): Leaf area index during various stages 
of plant growth. 
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The LAI appears to be influenced by the application of nitrapyrin at 70DAS 
since it caused a reduction in LAI in limed and non limed plots (Lo,Li and Lii). 
However, as the growth progressed the effect of NI on LAI remained unchanged only 
in the nonlimed soil with low N treatment and in both N application rates of the low 
limed plots. The differences observed in LAI among the NI treatments receiving the 
two levels of N fertilizer rates and high liming rate at 70DAS diminshed by 120 DAS. 
Since available soil nitrogen may contribute to excessive vegetative growth it 
might be assumed that harvest index (HI) (Chapter 5) would reflect grain yield 
decreases that may occur on account of prolific vegetative growth. However, as 
Riggs et al., (1981) pointed out, higher grain yields of recently developed barley 
cultivars are attributable to increases in harvest index rather than increases in total 
above-ground dry matter production. Therefore, the estimate of HI is given below 
with the data on yield components in order to clarify the yield and dry matter ratio 
relationships among the treatments. 
Grain and straw yield and harvest index.: Figures 9.3 (a-c) and Appendix 20 
show the yield components and the estimated harvest index obtained from respective 
lime and NINI treatments. 
Grain production (Figure 9. 3a) responded markedly to Land T treatments. 
Although yield responses to different NINI treatments (over all lime treatments) were 
evidently different, statistically significant (p<0,05) differences were obtained only 
between those involving high rates of urea N (T5, T6 and T8). The increased rate of 
nitrapyrin application to limed soil had no notable effect on grain production. The 
higher rate of N on limed soil (Li and Lii) resulted in comparatively higher grain yields 
with or without nitrapyrin. Dalal (1984) and Mendham and Russell (1987) also 
obtained improved crop performance following lime application to corn and barley 
respectively. It appears that under the conditions of present experiment application of 
nitrapyrin may be advantageous for forage production, only if the soil is unlimed and 
supplied with a higher dose of N fertilizer. Comparison of the grain yields of T6 (the 
high dose of NI) T8 treatments (split application) in respective liming levels shows 
that the effect of NI is better in unlimed soil and is comparable even to the split 
apllication of fertilizer N (Fig. 9.3a). 
Straw production followed a similar trend to that of grain production in 
response to lime. However responses measured as straw dry matter production were 
significantly greater at the higher level of N application for each rate of liming (T4,T5, 
T6 and T8). 
Figure 9.3 (a-d): Yield components of barley (CV. Triumph) 
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(Data are given in Appendix 20b on yield components) 
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Although yields were influenced by NINI and L treatments the harvest indices 
did not differ significantly at p,::;0.05. This may suggest that there was no "excessive" 
increase in production of vegetative parts relative to grain yield. This is important 
since it would mean that a farmer who needs to graze his crop early and then allows it 
to grow on to produce a high straw yield may not suffer seriously from loss of grain 
yield if fertilizer was applied at the rates used in this experiment. 
Grain-N and Straw-N: Fairly specific grain nitrogen level (21.6g/kg) is an 
important aspect in barley grown for malting whereas grazing value is enhanced by a 
high level of N in the forage. Therefore differentiation of N concentration in above 
ground plant parts (i.e. grain vs. vegetative parts) may be a useful way of expressing 
N utilization by the plants in response to different treatments. 
The nitrogen use efficiency index can be a useful parameter in studies of N 
utilization responses by plants to external factors that influence soil N availability 
(Craswell, 1987). The yield data for grain and straw and the total plant-N content 
(Appendix 20) were used to determine the nitrogen use efficiency (NUB) of the crop 
as per equations proposed by Bock (1984). 
Higher rates of N application always produced the highest grain-N contents 
(Appendix 20). The control (To) gave the lowest grain-N content. Application of N 
as a topdressing at the rate of 50 kg N/ha at stem elongation (T7) was reflected in a 
notably poor grain-N content when compared to those treatments where an equal total 
amount of N was added at the time of sowing. Since the late topdressed application 
could not be incorporated into the soil it is possible that more N was lost by ammonia 
volatilization. However the split application of urea-N appeared to compare well and 
produced higher N uptake than any other treatment. Application of nitrapyrin did not 
produce significantly different responses (p=0.05) but there was a predictable trend 
with a slight increase in N content of grain at each N application rate when NI was 
applied (more details in Appendix 20). 
The low rate of liming increased grain-N content in comparison to the Lo 
treatments but there was no further increase at the higher liming rate (Lsd at p<0.05 
for NINI= 40.56 and for L= 7.84). It is interesting to note that Dalal (1986), who 
worked on tropical acidic soils also found that application of lime had resulted in a 
significant increase in N content of corn. Liming with N application rates exceeding 
50kg N/ha generally gave no significant responses in total N uptake. In the present 
experiment too there was significant effect of interaction of NINI treatments with L on 
grain-N 
Responses of Straw-N content was simialr to grain-N content in relation to 
NINI and lime treatments. However, in this case there was no significant effect on 
straw N due to an interaction between the NINI and L treatments. 
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Nitrogen use efficiency (NUE): A study of nitrogen use efficiency of the crop 
in relation to each treatment taking into account the N concentrations in grain and 
straw should further facilitate treatment comparisons. 
The nitrogen use efficiency (NUE) was determined as the N recovery 
efficiency (RE) as well as the yield or "production" efficiency (YE). The definitions 
of each of these terms and equations to estimate NUE have been discussed by Bock 
(1984). 
Neither fertilizer-N rates (from 50 kg and 100 N kg/ha) nor use of NI seem to 
have affected NUE. However the split application of urea resulted in a significantly 
enhanced grain-N content when compared to other treatments (To to TI). Liming on 
the other hand had a marked effect on grain NUE where the effect of the lower level of 
liming (Li) was evidently greater than that of the higher level (L2). 
There appears to have been a significant interaction of NINI and L only on 
grain-N recovery efficiency and grain yield efficiency. This may be rather unusual but 
only one cultivar was used in this experiment. Such a result would need to be 
clarified by further experimentation. The effect of liming on straw N recovery was 
similar to that observed for grain N recovery. 
A comparison of yield efficiencies due to different treatments showed the two 
rates of urea-N application did not increase the yield efficiencies proportionately. 
Hence it would be worthwhile to evaluate the economics of the higher rates of N used 
in this experiment. Liming significantly promoted yield efficiencies with respect to 
grain and straw production. However the increase in liming rate from 2.5 to 
7 .5mt/ha did not cause much further improvement in cumulative yield efficiencies .. 
Since recovery efficiency and yield efficiency of the crop were not significantly 
affected by nitrapyrin application and comparatively higher efficiencies were obtained 
with split application of urea-N and liming the advantage of using a nitrification 
inhibitor with urea in the manner in which it was applied in this experiment is 
doubtful. On the other hand the injection of a nitrification inhibitor into soil using 
specially designed equipment (as in some countries) may have different results. 
Soil N transformation: Further understanding of the effect of individual 
treatments on plant N utilization may be gained by studying changes in the available N 
levels in soil the during the growing season. This would also help to assess the extent 
ofN lost or immobilized (temporarily unavailable to plants) during this period. 
The level of soil mineral N was regularly determined (along with plant 
analysis) so that any effects of lime and nitrapyrin on soil N availability could be better 
understood. 
Soil mineral N (ammonium and nitrite/nitrate N) changed during the growing 
season as shown in Figure 9.4(a-f) and the Appendix 21-23. 
Figure 9.4 (a-e): Change in ammonium N content in top soil (at three L treatments) in (2x µg/g soill 
(For the explanation of T and L symbols please refer to Table 9.1 ). 
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It was found that ammonium-N concentration in soil before sowing was not 
significantly affected by liming. This is different from the results obtained from the 
experiment carried out under glasshouse conditions (Chapter 4) where the level 
changed markedly. The differences between field and glasshouse conditions include 
those due to temperature moisture and better mixing of lime with soil in the pot 
experiment. As revealed by the soil sampling carried out on 22 June 87, the 
application of urea (on 16 June 1987) resulted in a surge in the level of ammonium-N. 
Even as early as the first sampling, ammonium-N levels were significantly affected by 
the L treatments (Lsd at p.:5,0.05= 7.08) and the N/NI treatments. However the effects 
of NINI treatments at 6 DAS were due rather to differences in amount of N applied 
rather than to differences resulting from N transformation. 
Soil specimens collected subsequently at 13 DAS contained a lower level of 
ammonium-N (Figure 9.4 a-f). Since there was no plant emergence at this stage the 
decline must have been due to a nett effect of N transformation processes, ie. the nett 
effect of acontributions from urea hydrolysis, N-mineralization and immobilization, 
ammonia volatilization, and leaching. Nitrification, on the other hand, may not have 
been significant at this stage as there was no significant increase in soil nitrate-N levels 
in the period between sowing and first sampling on 6 DAS. However this experiment 
was designed to assess only the nett level of mineral N remaining at different sampling 
times and the effects of individual processes were not measured. (Nevertheless, data 
for ammonia volatilization from limed plots were measured. The comparison of these 
values should be considered only in relative terms as the method employed would not 
be as sensitive as those described in Chapter 2). Later in the season, evidently, 
nitrification and plant absorption would have contributed to decline in ammonium-N 
levels. The LSD's (p=0.05) given in Appendix 21 show that treatment significantly 
affected ammonium-N concentration at later sampling times (13 and 42 DAS) for L 
treatments while the effects of NINI treatments were significant (p=0.05) until 83 
DAS. Except at 13 DAS there was no significant interaction of lime with NINI 
treatments on ammonium-N recovered from in soil. Although there were significant 
differences in ammonium-N following the application of different rates of urea-N, 
nitrapyrin did not significantly affect ammonium-N levels at a given level of urea-N 
(ie. within the 50kg urea N/ha group Tl versus T2 versus T3 and within the 100 kg 
N/ha group, T4 versus T5 versus T6). The results for 42 DAS show that except for 
T7 and T8 (50 kg N/ha added at early stem elongation) all plots had significantly 
lower levels of ammonium-N. By the last sampling ammonium-N levels in all plots 
were even lower than the levels measured at the beginning of the experiment. 
Figure 9.5 (a-e): Change in nitrate/nitrit~..:N content in top soil (at three L treatments) in (2x µg/g soill 
(For the explanation of T and L symbols please. refer to Table 9.1 ). 
a. In (To) and (TI) plots b.In (T2) and (T3) plots 
so so~~~~~~~~~~~~~--. 
50 
g 40 
Cl 
--Cl 
::1.. 
z 
I I cf) 30 
0 
z 
20 
10 30 50 
-a- Tolo 
... Toli 
-a- Tolii 
..... lllo 
TIU 
Tllii 
70 90 
..... T2Lo 
-A- T2Li 50 
.... T2Lii 
-t- T3Lo 
40 ..... T3Li 0 
"* 
T3Lii Cl) 
Cl 
--Cl 30 ::1.. 
z 
I 
•ocf) 
Z lO 
10 
1 0 30 50 70 90 
c.In (T4) and T (T5) plots 
so-.---,.--~~~~~~~~~-... 
50 
~ 40 
.!2> 
~ 30 
z 
I 
I Ort) 
z 20 
10 
1 0 30 50 
• T4Lo 
-0- T4Li 
.... T4Lii 
... T5Lo 
... TSU 
-+- TSLii 
70 90 
50 
0 40 
Ill 
Cl 
~ 30 
z 
I 
'of:I) 
z z.o 
10 
.d. ·1i'l (T7) plots 
1 0 30 50 
... T6Lo 
-a- T6Li 
........ T6Lii 
70 9( 
50 
40 
0 
Ill 
.!2> 
~ 30 
z 
I 
'o'" 
z 2.0 
10 
(See Table 9.1 for explanation on T and L symbols and the Appendix 22 for - LSD values). 
e. In (T') 
10 30 
o.nd (T9) . 
50 
-a- T7Lo 
.... T7Li 
... T7Lii 
T8Lo 
T8Li 
TSUI 
70 90 
135 
Ammonium-N concentration declined quite rapidly in the limed plots compared 
to the corresponding non-limed plots. Increased nitrification (Adam and Martin, 
1984) as well as greater N uptake (higher plant N content) was consequence of better 
plant growth (higher dry matter yield) in the limed plots and is probably the major 
reason for the reduction of ammonium-N. 
Unlike ammonium-N, the nitrate-/nitrate-N levels prior to sowing were 
significantly affected by liming [Appendix 22 and Figure 9.5(a-e)] 
The amount of nitrate-N recovered from the surface layers during the present 
experiment was rather low when compared to the experiment conducted in the adjacent 
field in the previous year. Although no clear reason for this difference can be given it 
may be worth noting that the adjacent site carried a commercial oat crop during 
1986/87 season which followed a chisel ploughing with lOOkg/ha 16:19:0 N:P:K 
commercial fertilzer mixutre. 
Figures 9.5 and Appendix 22 show that nitrate-/nitrite-N began to increase 
from as early as 6 DAS and presumably due toincreased nitrification. Since there was 
no plant growth at the first two sampling stages after sowing, and no rainfall occurred 
to cause removal of nitrate-N by leaching or denitrification, the increased levels during 
this period may fairly well represent net nitrification in this soil. The build-up of 
nitrate-N evidently differed due to Land NINI treatments (Lsd at p=0.05= 2.78 and 
7 .27 respectively (Appendix 22). There was no significant interaction between L and 
Ton nitrate-/nitrite-N levels except at 42 DAS. 
Figure 9.5 (a-e) shows that except for TO, Tl and T7 other NINI plots had 
their peak level of nitrate-N between the second and third sampling times. Since both 
T7 and T8 received urea-N at the rate of 50 kg/ha at the time of tillering (35 DAS) the 
relatively high nitrate-/nitrite-N level found at a later sampling time was 
understandable. 
Another notable feature was that although nitrate-/nitrite-N in Lo plots 
increased relatively slowly when compared to corresponding Li and Lii plots higher 
levels of nitrate-/nitrite-N in non limed plots remained for a longer period than in the 
limed plots. This interesting difference may be due to the better plant growth 
observed in limed plots removing more nitrate-N. It is unclear whether this might also 
explain the observed greater increases in nitrate-/nitrite-N levels in the higher-urea-
treated plots that were generally followed by an equally rapid decline in nitrate-/nitrite-
N levels when compared to the slower rates of change in the corresponding low-urea 
treatments. 
Although neither plant performance nor ammonium-N levels were found to 
respond significantly to nitrapyrin application the comparison of nitrate-/nitrite-N 
levels in specimens collected at 6DAS and 13 DAS revealed that the effect of 
nitrapyrin on nitrate-/nitrite-N was significant. For example, at the low rate of urea, 
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the higher application (T3) of nitrapyrin effectively reduced the formation of nitrate-
/nitrite-N as opposed to the Tl plots at 6DAS. A similar result was observed in the 
case of the higher NI rates with the higher rate of urea (T6 had significantly less 
nitrate-/nitrite-N levels than T4 and T5 at 6 DAS and 13 DAS). It is important to note 
that this effective reduction in nitrate formation was achieved only by applying 
nitrapyrin at a rate four times greater than the recommended rate of application 
(however, NI mixed with urea was applied manually rather than by the reportedly 
more appropriate injection technique using special equipment). There was no 
significant interaction of lime with other treatments on soil nitrate-/nitrite-N levels. 
Only differences in nitrate-/nitrite-N concentration reflected an influence of 
nitrification inhibitor in this soil possibly because the ammonium-N levels had been 
affected by other processes such as immobilization and ammonia volatilization thereby 
masking the inhibitor effect. Nitrate-Nin this soil remains fairly stable in the absence 
of leaching except under extremely wet conditions [as indicated by very low 
denitrification potential (Chapters 4 and 6)]. The fact that differences in the 
ammonium-N concentration did not indicate any influence of nitrification inhibitor also 
underlines the importance of including both ammonium and nitrate-N levels in 
equations used to calculate the effectiveness of inhibitor, as proposed by Saharawat, 
(1984) (Section 2.3 of Chapter 2). 
Moreover, the comparisons of mean nitrate-/nitrite-N levels shown in Figure 
9.5 reveal that neither the increase in level of urea from 50 to 100 kg N/ha nor the 
increase in liming from 2.5 to 7 .5mt/ha resulted in proportionate increases in the levels 
of nitrate-/nitrate-N at 6 DAS (for example, compare mean values for Tl with T4 or Li 
with Lii at 6DAS). It is possible that the higher pH and high ammonium-N 
concentrations in plots receiving higher rates of urea promoted increased ammonia 
volatilization so that proportionately less ammonium-N was available for nitrification. 
Data for ammonia volatilization are shown in Figure 9.6 (no measurements 
were carried out on NI-treated plots). Loss of ammonia gradually declined from 2 
DASto6DAS. 
It is clear that loss of N as ammonia occurred largely during the first few days 
after fertilizer application. Although the method employed to determine ammonia loss 
was not very sensitive it nevertheless provided a basis of comparison and also 
indicated an important factor in the overall N budget of the soil. As expected, the 
extent of ammonia volatilization was affected by liming and by the' rate of urea 
application (Figure 9.6). But the differences due to lime soon disappeared whereas 
the effect of different rates of urea was still evident at 6DAS. 
During the six-day period after fertilizer application at least 12% , 22.5% and 
26.7% respectively of added urea-N was lost as ammoina respectively from Lo, Li 
and Lii plots at the higher rate of urea (T4), whilst, at least 18%, 27.5% and 34% of 
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added urea-N was lost from Lo, Li and Lii plots at the lower rate of urea (Tl). 
Considering the trend of increased ammonia volatilization with increased urea addition 
and liming further investigation using an improved technique such as the micro-
meteorological method of Denmead (1985) in a larger scale trial would certainly be 
useful. 
From the point of view of N supply to the crop, the most important aspect to 
know is the amount of mineral-N available at any given time. Because of N 
transformation processes and simultaneous N uptake by plants, measured amounts of 
total mineral N, represent the nett effect of all these activities at a particular time. 
Assuming that any N input to the system other than by fertilizer ( eg. rain and irrigation 
water) is either negligible or uniform for for a relatively small area we may consider 
the level of mineral N as follows: 
Mineral N remaining in soil = [Original N + N added + mineralized-N] 
- [N immobilized+ N loss (ie. ammonia volatilization, leaching, 
denitrification, N uptake by plants)]. 
(see Appendix 23) 
The total mineral-N remaining was estimated by addition of measured 
ammonium-Nand nitrate-/nitrate-N (Appendix 23) at each sampling time. The 
analysis of variance indicated that at the time of sowing pre-treatment with lime had 
not affected the total soil mineral-N content. Since there was no plant growth the 
absence of significant differences between different lime treatments indicates that there 
was no significant nett loss of mineral-N from soil due to liming. Subsequent 
addition of urea-N obviously caused variation in the level of total mineral-Nin 
samples collected at 6 and 13 DAS in accordance with the rates of urea. There was no 
significant effect of NI at these times on total mineral N (ie. for 50 kg N/ha- Tl; T2; 
T3 and 100 kg N/ha- T4; T5; T6). The differences between effects of the two rates of 
urea application diminished as the season progressed probably because more nitrogen 
was absorbed or lost from the mineral-N pool of the plots that received the higher rate 
of urea. At 42 DAS the highest total mineral-N content was recovered from the T8 
and 17 plots which received 50 kg N/ha at the time of stem elongation. 
Although liming did not cause a significant difference to the initial total 
mineral-N content of the soil prior to the addition of fertilizer-N, differences began to 
appear progressively thereafter (13, 42 and 83 DAS). For example the differences 
among limed and non-limed plots was more evident during the mid-season period 
with Lo plots having greater N content than Li and Lii plots. This may have been due 
to the greater removal of N by more vigorously growing plants and also due to 
ammonia volatilization from limed plots. 
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Thus the growth of barley (cv. Triumph) responded to both lime and NINI 
applications. Although there was improved plant growth response to liming in general 
the low rate of liming (2.5 mt/ha to raise the pH to 5.8-6) appeared to be more 
appropriate for grain yield than the higher rate (7 .5 mt/ha giving a pH of 6.6-6.8) at 
both rates of urea application. This is in good agreement with the recommendations of 
the Tasmanian Department of Agriculture Advisory Service for other barley varieties 
grown locally and also with the results of Mendham and Russell (1985) with the same 
barley variety in the Elliot area (kraznosem) in the north-west of Tasmania. NI at the 
levels used in the present experiment did not have a significant effect on yield 
components or straw production 
The results suggest that the application of lime as well as urea could be useful 
practices in the soil used for this experiment, The application of lime at moderate rates 
(2.5mt/ha) appears to be better for dry matter production (eg. straw production or for 
grazing) than the higher rate of liming employed here. Addition of urea as a split 
application was much superior to the single dressing of the same quantity of urea. 
There was no clear advantage of using nitrapyrin with urea for dry matter production. 
It is possible that initially, the effect of NINI treatments was not apparent 
because the soil had enough native available N to meet plant demand (Figure 9 .4 and 
9.5). However, with progressive plant growth the advantage of an additional N 
supply was evident. 
Nitrogen use efficiency (NUE) followed a similar trend to the growth 
responses due to lime and NINI treatments. Amendment with nitrapyrin did not 
produce any significant change in plant growth response (also Chapter 2. Rajendra 
Prasad et al., 1978; Slangen and Kerkhoff, 1984). 
As no investigations were carried out on the influence of other soil factors that 
may have been affected by liming (such as Ca, Mg and P availability, and possible 
reduction in level of active Al and Mn), the results suggest only that liming resulted in 
improved crop performance. The possibility of involvement of other factors is 
hightened by the fact that although ammonia volatilization was greater in limed soil 
than in non-limed soil, better plant growth occurred in the limed plots. Hence the 
improved recovery efficiency and yield efficiency used to describe NUE may be the 
nett end-effect of better plant growth andincreased N uptake. 
A comparison of split fertilizer application with other NINI treatments indicated 
that for grain yield the best results were obtained from split application of urea to 
limed plots to raise soil pH to 5.8-6.0. Grain yields from split application of urea to 
non-limed plots were not significantly different from those obtained in response to to a 
similar amount of N added as a singles dose to limed plots (Li). Hence, even without 
liming, split application of N could be beneficial. Although plant performance was 
not affected by the use of nitrapyrin, it did seem to influence nitrate-N production 
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when used under non-limed conditions at a high rate (four times higher than 
recolillilended). However this effect was not significant in limed plots suggesting that 
the effectiveness of nitrapyrin in inhibiting nitrification may have been masked by 
increased nitrate formation due to liming. Hence, indications are that if urea is applied 
as a single dose without nitrification inhibitor, performance can be improved by liming 
the soil to a higher pH while a split application could cut down the need for increased 
lime (i.e 2.5 vs.7.5 mt/ha). When low rates of N are employed delaying application 
until late tillering may reduce grain and straw production markedly probably because 
of the lower number of tillers initiated due to short supply of Nin the earlier growth 
stages. 
The absence of any distinct advantage of using nitrapyrin at either 
recolillilended or higher rates underlines the need to compare all fertilizer and soil 
management options on economic as well as agronomic criteria with any new or 
introduced cultivar. However, the results reported here need to be treated 
conservatively as only one soil type and crop combination was tested over one season. 
Confirmation of these results following trials on a wider range of soils over several 
seasons isrequired. 
In conclusion it is evident that moderate liming (2.5mt/ha) conferred a definite 
advantage for performance of the barley variety (cv.Triumph) whereas no such clear 
advantage can be seen following the use of nitrapyrin. Because of the relative increase 
in alillilonia volatilization in limed soils it appears that the better crop performance 
observed in limed soil may be due in part to change in other factors (such as P 
availability, increased Ca and Mg supply and reduced Al and Mn toxicities) apart from 
changes due to N transformation processes. The strongly duplex character of the soil 
used also appears to have restricted leaching loss of nitrate-N again limiting any 
advantage of using nitrapyrin to restrict nitrification in this soil. The observed 
significant changes in nitrate-N but not in alillilonium-N levels due to nitrapyrin 
treatments, may also be because little nitrate-N was lost (by leaching or denitrification) 
from the soil system rather than an effect of nitrapyrin. Therefore, if the use of 
nitrapyrin has to be justified on agronomic terms investigations should be carried out 
in a soil environment where leaching is likely to be significant. 
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CHAPTER TEN 
10. Concluding statements and indications for further research 
Urea is fast becoming the world's no 1 nitrogen supplement for agricultural crops for 
the reasons outlined in the literature review of this thesis (Section 2.1.6, Chapter 2). 
This is compelling justification of research on the effects of various agronomic 
practices on the fate of urea-N under different environmental conditions and also on 
the response of different crops to urea-N supplements in terms of nitrogen use 
efficiency and yield. 
After deciding to investigate the suitability and/or performance of urea as a 
supplementary N source it was necessary to select agricultural management practices 
relevant to the study that might be expected to influence N transformation activity and 
thereby crop performance. Review of the literature revealed that although lime is used 
primarily to ameliorate low soil pH, to overcome Al and/or Mn toxicities or to 
supplement low Ca and Mg in soils, the practice may also bring about marked changes 
in soil microbial activity with effects on N transformation. Hence lime application 
was selected as a variable in this study. As lime may also encourage autotrophic 
nitrification in acid soils, a chemical claimed to inhibit the process, namely the 
nitrification inhibitor nitrapyrin was also selected as a treatment variable. Finally the 
effects of these two variables were evaluated by comparing soil mineral-N availability 
and crop performance in response to single and split applications of urea at different 
rates in a field experiment. 
The selection of a high yielding barley variety (cv. Triumph) as the test crop 
was based on the knowledge that this crop had responded to lime and nitrogen 
applications under local conditions and also because nitrogen nutrition is an important 
determinant of crop quality with different requirements for forage versus malting grain 
production. 
A further requirement was access to an area of soil with moderate N 
transformation activity and especially nitrification potential to justify the use of lime 
and nitrapyrin treatments. As indicated in Chapter 4, where the screening process of 
selecting a suitable soil type for this research is described, the chosen soil in field 
condition was moderately "active" in terms of N transformation. In the process of 
evaluating the soil type it was noted that although some soils were similar in apparent 
physical properties they were markedly different with respect to N transformation 
activities. 
A comparison of urea with other common N fertilizers (eg. calcium nitrate and 
ammonium nitrate) revealed that urea did not perform well as a supplementary source 
of Nin the soil selected for this study. In the experiment described in Chapter 5 the 
barley variety (cv.Triumph) gave higher yields in response to equivalent rates of N 
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supplied as fertilizers other than urea confirming that the application rates of urea (with 
no other amendments) were well below that necessary to produce the potential 
maximum yield of crop This justifies investigation of management practices in 
attempts to improve crop production, particularly agronomic practices that may 
improve performance of urea in terms of yield and quality of product, nitrogen use 
efficiency of crop and availability of nitrogen in soil. 
In a glasshouse incubation experiment carried out to study the effect of lime 
and nitrapyrin on the fate of urea-Nin the absence of plant growth (Chapter 6) it was 
found that both lime and nitrapyrin could significantly affect the native-N 
transformation process. Liming stimulated an increase in native soil nitrate-N levels, 
prior to the addition of urea, to a level higher than that recovered from non-limed soil, 
presumably due to increased mineralization of organic-N and subsequent nitrification 
of ammonium-N. 
Following urea application there was increased urease activity in limed soil but 
urease activity was not affected notably by nitrapyrin. Evidently the limed soil 
provided a better environment for soil heterotrophs capable of producing urease in the 
presence of urea. The absence of a significant effect of nitrapyrin on urease activity is 
in accord with results of earlier workers (Chapter 2). Although the analytical 
techniques employed and the number of replications used were inadequate to detect a 
small change in the total N pool, a declining trend in the organic-plus-fixed forms of 
N due to liming was noted. This decline 'was also considered to be due to increased 
mineralization of organic-N in limed soil . 
A separate incubation experiment (Chapter 6) carried out to assess the effects 
of lime and nitrapyrin treatments on denitrification (under optimum conditions of 
abundant nitrate supply and anaerobic conditions) confirmed the observation made 
during the earlier screening study (Chapter 4) that the denitrification potential of the 
test soil was rather low. Even so it was clear that liming increased denitrification 
potential, while nitrapyrin effectively reduced denitrification, in non-limed soil. The 
effect of nitrapyrin on denitrification was reduced by liming. Since these observations 
were made in the presence of an abundant supply of nitrate-N the possibility that the 
observed inhibition of denitrification was a secondary effect would not arise. In fact 
this observation supports the earlier findings of Mills et al., (1976), and McElhannon 
and Mills, (1981) that nitrapyrin could effectively inhibit denitrification. 
The level of ammonium-N and nitrate-N measured in the glasshouse 
experiment described in Chapter 6 showed that liming markedly increased nitrification 
rate but that this was slowed down in the presence of nitrapyrin. However the degree 
of inhibition of nitrification due to nitrapyrin was reduced with liming of the soil. In 
this experiment the effectiveness of nitrapyrin was determined in terms of% inhibition 
over a period of 45 days. Because of conflicting observations/proposals in the 
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literature (Section2.6 of Chapter 2) the term "effectiveness" was clarified by taking 
into consideration more precisely the time factor (relative to plant growth). A longer 
period of incubation resulted in a decline in inhibition in limed soil probably because 
of the faster recovery of nitrifiers under the higher pH conditions. But after about 45 
days of incubation the rate of nitrate formation in limed soil had slowed down and was 
slightly lower than in non-limed soil. This may be because relatively more 
ammonium-N was available for nitrifiers in non-limed soil compared to limed soil and 
also because nitrapyrin by that time was not present in sufficient quantities for 
effective inhibition. Observations during this experiment gave rise to concern that 
product-related properties of the inhibitor might influence its effectiveness. Hence 
some product-related characteristics of nitrapyrin were investigated further (Chapter 
9). 
The effects of lime and nitrapyrin were further investigated in a short-term 
glasshouse experiment described in Chapter 7. Liming caused positive responses in 
the early stages of plant growth whereas there was no detectable response to 
nitrapyrin. A four-fold increase in the rate of nitrapyrin application produced no toxic 
effects but none were noted during 45 days of plant growth. This contrasted with 
some reports of nitrapyrin toxicity (Section2.3 of Chapter 2 1978). 
In the present study both liming and incorporation of nitrapyrin affected 
microbial activity as measured by soil respiration rate. In a relatively short term 
incubation study (120hrs) liming increased the rate of carbon dioxide production 
above that of non-limed soil. The addition of nitrapyrin further amplified carbon 
dioxide production in limed soil. The latter effect can be explained as due to a more 
favourable pH for microbial activity whereas further increase attributed to nitrification 
inhibitor may be due to the inhibition of autotrophic nitrifiers that would otherwise 
have consumed part of the available carbon dioxide and to probable existence of 
heterotrophic strains capable of utilizing nitrapyrin or its hydrolysis products for their 
carbon requirements. These observations supported the conclusion that nitrification in 
the soil used in this study is due to autotrophic rather than heterotrophic nitrifiers since 
heterotrophic nitrification should not increase as a result of liming nor should it be 
inhibited by nitrapyrin. 
The results of the field experiment described in Chapter 9 highlight a positive 
interaction of lime and nitrapyrin on plant growth and composition of inorganic soil 
nitrogen under field conditions. Confirming the results obtained from the glass house 
experiment (Chapter 6) liming again showed a marked influence on plant growth. 
Urea application significantly improved crop performance but amendment of urea with 
nitrapyrin made little or no difference to crop growth. However since lime is known 
to affect other growth-influencing soil characteristics (such as P availability, Ca and 
Mg supply, Al and Mn toxicities) and they were not examined in the present 
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investigations it is possible to conclude only that lime application resulted in improved 
plant growth. The possibility that factors other than N availability may have 
influenced the observed improvement in crop growth is underlined by the fact that 
lime caused increased ammonia volatilization from urea-fertilized plots with significant 
loss of N (ie. less available N) from the soil. This might have been expected to have 
been followed by reduced plant growth. But a completely opposite result suggests 
that other factors may have influenced plant growth. Although a similar relationship 
between inorganic N and plant growth was observed on limed plots later in the season 
this could have been due to entirely different reasons such as the uptake of more N as 
a result of better plant growth in the limed soil. Hence investigation of possible 
effects of lime on other growth factors is necessary in order to decide whether or not 
increases in N-recovery efficiency and yield efficiency are affected directly or whether 
they are better interpreted as a side effect of the improved crop growth. 
Nitrapyrin did not affect plant growth at either of the concentrations used in 
this field experiment. This supports earlier observations by other authors cited in the 
literature review (Chapter 2 :section 2.3) .. 
As revealed in the results of the present series of laboratory and glasshouse 
studies and also because of the often-reported greater success of nitrification inhibitors 
in pot experiments than in experiments conducted in the field; a separate study was 
carried out to investigate certain product-related characteristics of nitrapyrin that could 
affect its activity in soil (Chapter 8). The results of leaching experiments with 
nitrapyrin and fertilizer-N in soil columns indicated that movement of nitrapyrin was 
very slow when compared to the rapid rate of leaching of added urea and the slower 
movement of ammonium-N. Hence there was early separation of urea and later 
ammonium-N from the nitrapyrin with which they were added at the top of the 
column. Probably this allowed nitrifiers in the lower part of the column to use 
ammonium-N. Since urea moved very rapidly with moving water the application of 
N as urea with nitrapyrin may not be a suitable practice unless incorporated deep into 
the soil and subsequent leaching/irrigation is minimal or well-controlled. This may 
explain the often-reported differences in the effectiveness of nitrapyrin between 
laboratory/glasshouse and field experiments. In the former the urea plus nitrapyrin 
has been mixed well with soil and no leaching has usually been allowed while the low 
effectiveness in field plots with unsatisfactory inhibition of nitrification may be due to 
leaching effects as discussed above (see Chapter 6 vs. Chapter 9; Slangen and 
Kerkhoff, 1984). There may be other mechanisms for loss of nitrogen (Chapter 2). 
Nitrapyrin added to soil subsequently exposed to wind or direct air flow, was 
lost quite rapidly when compared to the rate of loss in a still air environment. An 
increase in temperature from 1 oo to 2soc also accelerated nitrapyrin loss. Such 
losses were attributed mainly to volatilization losses, to hydrolysis of nitrapyrin to 6-
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hydroxy picolonic acid and also to possible utilization by microbes. These results 
emphasize the importance of incorporation of nitrapyrin deep into the soil with 
fertilizer. Preferably this application should be carried out when the temperature is 
low (ie. spring or late winter). 
It is fairly general experience that attempts to answer questions by research 
usually result in a proliferation of further questions. The present studies have left 
many questions unanswered and have highlighted other aspects that might be 
investigated. Some of these aspects are discussed below. 
In spite of much work in the past, further studies are needed under controlled 
environment conditions on the influence of different N fertilizers on plant growth in 
terms of their associated specific ions, effects on soil pH, and the extent of losses 
(mobility) for each form of fertilizer-N. It is also desirable to further clarify either by 
nutrient culture or sand culture techniques the influence of ammonium-N and nitrate-N 
on the growth of test plants. Such studies could benefit immensely from the use of 
labelled N compounds. 
As discussed earlier in this thesis, liming affected the N transformation process 
in the acidic soil used in this project. Increases in urease activity, reduction of 
mineralizable-N, and increased nitrate-N levels supported this conclusion. Further to 
this is the observation of increased heterotrophic microbial respiration in limed soil 
compared to non-limed soil. The increase in nitrification due to liming indicated that 
nitrate production was due to autotrophic nitrifiers and therefore that nitrapyrin can be 
effective in this soil. In view of this it is felt that a study using pure cultures of 
nitrifiers would help to clarify the behaviour of nitrifiers in relation to nitrification 
inhibitor and pH. The present results for nitrapyrin suggest that its effectiveness may 
change over a period of incubation due to environmental factors that influence the 
recovery/activity of nitrifiers. Such studies could also aid an understanding of the 
influence of various soil factors such as a organic matter, soil clay fraction and 
inorganic elements (eg. Cu, Ni) on the effectiveness of nitrapyrin (Chapter 2. sect. 
2.3 and the Addendum). 
Further investigation would have the objective of more precise specification of 
the inhibitory role of nitrapyrin since effective inhibition of nitrification would be very 
useful in certain situations. For example in an environment where nitrate-N leaching 
is not significant but denitrification is, or in situations where the promotion of 
ammonium-N could lead to increased ammonia volatilization. Such an environment 
could occur under flood irrigation as in paddy (rice) cultivation on clayey soils (less 
leaching) where anaerobic microsites may develop (Savant and De Datta, 1980). 
It appears that even if nitrapyrin does reduce nitrification better in limed soils 
as suggested by some workers the effect is evidently short-lived because of rapid 
recovery and proliferation of nitrifiers at higher soil pH. Hence, more relevant studies 
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for agriculturists would permit a description of nitrapyrin effectiveness over a time 
period that will take practical plant factors into consideration, such as the time 
necessary for the crop to rapidly absorb soil N. It is further suggested that 
experiments to ascertain the effects of pH and nitrapyrin over different time intervals 
should be conducted with axinic cultures of nitrifiers as there could be many 
complicating interactions when these reactions talce place in soil environments. 
It would be interesting to investigate whether any strains of microorganisms 
are capable of utilizing nitrapyrin or its hydrolyzsis products as their carbon sources. 
The observed increase in carbon dioxide production in nitrapyrin-treated soil (Chapter 
7) suggest that microbes with such a capability may exist. Such information would be 
useful in better understanding of the loss of nitrapyrin from soil. 
The relative mobility of nitrapyrin appears to be a significant factor in its 
practical effectiveness. This inhibitor moves at a much slower rate even than 
ammonium-N through soil columns while urea (and nitrate-N) moved very rapidly. 
Therefore, even though nitrapyrin may persist for a sufficiently long time, leaching 
may remove urea and ammonium away from the inhibitor thus reducing its practical 
effectiveness and nullifying its persistence qualities. Hence the recommendation to 
use nitrapyrin may be justified only after due assessment of all the factors influencing 
its effectiveness. In the light of results of the present study it could be useful in 
situations where nitrification is rapid and the rate of leaching is slow, the cation 
exchange capacity of the soil is high or when the potential loss by denitrification is 
significant. 
The use of tracers could be useful in further study of salient points highlighted 
in this research project, such as the pattern of distribution of nitrapyrin, ammonium-
N, nitrate-N and urea, by making it possible to follow complications due to N 
transformations that may take place simultaneously during the leaching process, as 
well as facilitating quantitative evaluation of the fate of soil N as was attempted in the 
experiment described in Chapter 6. 
During the designing of the experiment described in Chapter 6 several 
problems related to sampling technique were addressed. A modified Bodman and 
Colman (1943) column was found to be best for this type of investigation. It is felt 
that in choosing the type of column used for such studies microbial aspects of the 
reactions involved should be taken into consideration since these may affect the 
outcome significantly. For example, anaerobic conditions that may develop within 
conventional closed columns could promote denitrification. 
In conclusion, while the results obtained from a single season of field 
experiments may be indicative, it is essential to repeat such experiments over several 
seasons to evaluate the reproducibility of the results obtained before firm conclusions 
can be drawn. 
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Appendix l: Selected bibiliography of studies of nitrapyrin and crop 
performances 
( i) .yi e 1 d 
rate of NI crop nitrification 
inhibited or 
not 
Field 
conditions 
denitr. leaching 
application 
% of added N References. 
Yield increased significantly 
3.3 corn 
2.0 corn 
5.0 corn 
0.1-2.0 corn 
1.0 corn 
0.7-2.0 rice 
5.0 sugar cane 
2.0 wheat 
inhibited 
na 
inhibited 
na 
inhibited + 
na 
inhibited 
inhibited 
+ Touchton et al.(1979). 
+ Prasad and Turkehead (1971). 
+ Kapusta and Varsa (1972). 
+ Swezey and Turner (1962). 
Hanson et al. (1987). 
Prasad, (1982). 
+ Prasad, (1979). 
+ Varsa et al. (1981). 
Yield did not increased significantly 
0. 6-1 . 2 corn 
0.8-3.3 corn 
0.5 corn 
1.0 corn 
inhibited 
inhibited 
inhibited 
inhibited 
Kapusta and Vars a, (1972). 
Kapusta and Varsa (1972). 
Taber and Peterson (1979). 
Guthrie and Bomke (1981). 
2.0 Barley inhibited + Aydeniz et al. (1976). 
5.0 wheat not consistant + Rodgers et a 1 . ( 1985) . 
2.0 wheat inhibited Olson (1987) 
(ii) Phytotoxicity or reduced 
.efficiency. 
NI 1 eve I 
/kg soil 
12.5 mg 
25mg 
lmg 
5mg 
lOmg 
5ppm/soil sol. 
lOppm(no added 
1. l & 2. 2ppm 
Crop 
oats, 
tomatoes 
lettuce 
sugar beat 
wheat 
corn 
lucerne 
soy bean 
rye grass 
clover 
wheat 
Avecenea 
N)Soybeans 
potatoes 
n.a. not available 
growth (mainly on seedlings) or reduced N use 
Reference/comments 
Goring (19626). 
MeKell and Whalley (1964). 
Rieck and Lynd (1967) 
Osborn (1977b) 
Osborn ( l 977b) . 
Boto et al.(1985)-phtotoxicity and reduce Nuse. 
Morri~al.,(1980) 
Hendric~et al.(1978a)-reduce yield and quality 
Appendix 2: Some properties of several conITierci al nitrification inhibitors. 
Trade/common Chemical relative volatility comments/ 
names name water solub~ity {mfd. by) 
N-serve 2-chloro 6 tri low moderate first commercial 
Nitrapyrin chloromethyl inhibitor, 
pyridine Dow Chemical Co.USA. 
DCD C2114N high low Chisso Corp, Japan & 
Dicyanadiamide -SKW, Trostberg 
Etradiazole 5 Elhoxy 3 high moderate Olin Matheson 
Terrazole lrichloro Chemical Co. 
D-Well methyl 1,2,4, now Uniroyal 
tridiazole chemicals, USA 
ATC 4 /\mino 1,2,4, high low 
triazole llCL 
AM 2 l\mino 4 Chloro low moderate Mitsui Touts.u Co 
6-methylpyridine Japan. 
ST Sulfathiazole Mitsui Toatsu Co. 
oO Japan. LJ"I 
Appendix 3: Factors affecting the efficacy of nitrification 
inhibitors (NI) in soil. 
Factor Contnents 
primary factors: associated with the properties of the compound 
Specificity Should inhibit the activity of ammonium 
oxidizers only 
Relative mobility Inhibitor leaching rate relative to ammonium-N 
Persistance/volatility Should remain in soil until plants can absorb 
N rapidly. 
Water solubility Influences the method of application, 
Secondary factors: associated with soil, climate, and management. 
Soil factors 
pH Affects persistance of some NI, but not 
nitrapyrin, influences the efficacy via 
the effect on nitrifier activity. 
Adsorption 
Moisture/aeration 
Nitrifier population 
other factors: 
Temperature 
Rainfall 
Form of fertilizer 
Mode of application 
Economy 
Sorption of NI on to soill colloids 
(especially organic matter) will affect 
persistance, may also influence by affecting 
nitrifier activity. 
Affects the mobility of NI, nitrifier 
activity may also change thus affecting NI 
efficacy. 
The strain of active nitrifiers will respond 
differently to NI. 
Increase in temperature rapidly reduces the 
half-life of NI,and increases the activity of 
nitrifiers. 
Influence via soil moisture/aeration status. 
Alkalinity and acidity produced during 
fertilizer transformation (eg. urea 
hydrolysis). ' 
If broadcast possibility of increased 
volatilization loss, incorporation or 
injection may improve the efficacy. 
Use depends on cost of NI compared to 
cost of additional N fertilizer necessary to 
increase crop production in similar proportions. 
Appendix 4: Schematic diagram of nitrification inhibition C\l two 
different soil pH levels (A and B) 
% 
NITRIFICATION 
APPLICATION OF 
+· NI 
-==--
TIME 
A- Soil with higher pH : supports a larger nitrifying population. 
8- Soil with lower pH : supports a smaller nitrifying population. 
Note: 
II 
1 . Greater decrease in % nitrification rate in A compared to 8, immediately after 
nitrapyrin application because hiaher number of nitrifiers were inactivated per equal 
volume of soil. This means a hi,gher initial inhibition of nitrifica1;4® 
at hi qher oH. ·'-'· · 
2. At stage 1, nitrification in A is recovering quickly, • because of more 
favourable pH conditions whereas nitrification in 8 is just begining to recover at a 
very slow rate. 
3.At stage 2, nitrification in A has recovered fully, but in soil B : . nitrification 
has still not reacht.\the original level resulting in a longer period of delay in full 
recovery of nitrification. 
(modified after Hendrickson and Keeney, 1979) 
Appendix 5: The University of Tasmania Farm.Richmond Rd~ Cambridge 
showing field experiment sites and locations of soil 
collected for experiment 
. N .. 
·. 
;-··:·1 1'\8b/ir S11'e 
·····-D 19i1/H Sit~ 
"# Col\~t.\ion S1h:S 
.... / 
Appendix 6: Climatic data durir.,g_ 1986/87 
and 1987/88 seasons 
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Appendix 7: X ray diffractogramsused to identify clay minerals 
. in soil. 
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Appendix 9: Urease activity and urea-N remaining in four 
soil types 
Soil Urease activity 
type control(-U) with urea(+U) mean (S) 
37.07 (4.28) 75.08 (4.96) 56.07 
2 32.97 (4.03) 72.95(10.69) 52.96 
3 47.41 (3.44) 99.25 (8.07) 73.33 
4 46.27 (6.33) 107.75(11.58) 77 .00 
mean (U) 40.93 88.76 
Lsd p=0.05 
urea(U) 10.94 
soil(S) 8.29 
u x s NS 
1. Urease activity as ammonium-Npg/g soil 
2. as ammon i um-N produced7,_,g/ g soil produced 
figures given in paranthesis are standard errors 
% urea-N 
remaining 
14.32 
18.69 
4.58 
6.83 
l G 2. 
Appendix 10: Anmonium N and Nitrate N in four soil types 
Soil type LSD(0.05) 
DAF l (+Ur) 2 2(+Ur) 3 3(+Ur) 4 4(+Ur) ( Lx.'II) 
Anmonium N 
0 29.254 22.820 19. 421 16.512 28.427 26.224 28.386 20.898 NS 
5 32. l 02 66.344 25.293 30.848 26.295 78.166 23.604 87.898 14.24 
10 24.360 74.829 19.449 54.515 22.969 48.661 23.760 60 .010 11 .62 
20 31.990 56.235 22.049 41.232 28.312 44.022 24. 189 44.567 13.74 
40 29.356 32.314 28.176 35.235 22.992 41 .015 21.684 40.646 8. 51 
60 28.255 20.482 24.221 28.565 24.361 36.031 20.321 31.651 NS 
Nitrate N 
0 79.66 78.46 66.99 69.48 21.65 18.22 41. 73 41. 93 NS 
5 83.57 86.0 62.98 93. 32 22. 11 32. 15 46. 15 51. 26 13.84 
10 82.64 98.33 64. 12 141. 2 30.26 55.55 48.65 61. 16 12.88 
20 89.24 134.89 72.59 133. 62 24.53 58.89 46.95 74.89 13.08 
40 86.95 158.24 68.94 130.9 26.36 59.8 47 .89 86. 12 13.94 
60 87 .18 148.08 71.00 131. 6 28.22 57.25 45.78 72.33 15.47 
(For comparison of the means ' over, four soil types and over all urea treatments) 
LSD (0.05) Soi l(NH;) + Urea (NHil) Soil (NOj) Urea(NOj) 
0 5. 13 NS 10.53 NS 
5 12.97 9. 17 11.72 5.21 
10 9.01 5. 19 7.68 7.32 
20 5.82 4.82 8.8 6.84 
40 NS NS 9.53 7. 19 
60 Ns .NS 9.77 8.49 
+ UR: urea added ; ~ 
Appendix 11: Net co2 production in four soils following addition of 
a C source (1% dextrose broth). co2~mol/ g soil. 
Hours ofincubation. 
2 4 8 24 . -
Soil -Ur +Ur -Ur +Ur -Ur +Ur -Ur +Ur 
1 0. 18 0.2 0. 17 0.42 0. 73 1.06 1. 17 1.98 
2 nd 0. 14 0.26 0.48 0.82 0.85 1.32 1.86 
3 0. 13 0.83 0 .19 1.97 0.95 2.99 1.33 4. 11 
4 0.12 0.53 0 .18 1.09 0.89 2.34 1.18 2.44 
LSD (p=0.05) 
Ur x Soil NS 0.09 0.33 0. 15 
Ur 0.03 0.05 0.20 0.09 
Soil NS .07 0.21 0.25 
(nd- not detectable) 
\95 
-. 
Appendix 12: Change in ammoniumtJand nirate.N in soil l~ 2 . 
~tt.\ 1 f2E:1 type & rate. 
DAS Url Ur 2 . CNl C:/2 ANl AN2 ASl AS2 
amnonium-N. 
0 29.62 22 .1 a 28.45 21. d? 25.33 21.2 25.61 31.75 
5 63.42 102.88 31.25 23.2 48. l 73.2 59.62 1~9.25 
25 16.34 15. 18 17.96 17. 1..:. 18.00 10.05 16.79 17. 22 
50 10.48 12.42 9.54 14. 79 11. 35 9.32 9.95 11. 54 
80 14.55 16.91 12.58 17.3~ 13.37 16.57 16.63 15.04 
120 18. 74 18.63 15.83 20.Q.! 16.28 18.23 17.05 16.d6 
Table of mear.s LSLJ (p=.05) 
low high Ur c: AN As (type) (rate) ( tx r l 
27.25 24. lo 25.9 24.':J7 23.27 28.63 ns ns ns 
50.6 80.88 83.15 29.72 60.65 89.44 20.39 14.J.2 23.83 
17.27 14.5 15.76 17. 55 14.02 17.00 ns ns ns 
10.33 12.0l 11.45 12. 16 10.33 10. 79 ns ns ns 
14.28 16.42 15.73 14. 99 14.97 15.84 ns ns ns 
16.98 18.35 18.71 17. 93 17.25 16.76 ns ns ns 
nitrate-N 
DAS Url Ur 2 CNl C:l2 ANl AN2 ASl AS2 
0 33.55 29.48 37.58 30.06 31.13 26.81 31.86 27.8 
5 48.55 44.42 76.53 131 . 46 49.18 86.09 57.95 44. 13 
25 49. 18 64.13 78.37 73.66 54.85 79.6 57.95 55. l 
50 30.46 49.9 53.37 66.41 42.54 61.02 48.99 45.92 
80 24.74 32.95 31.27 41.99 28.44 46.83 29.22 37.74 
120 16.67 20.15 26. l 28.91 28.08 33.97 18. 51 23.6.+ 
Table of means LSD (p=0.05) 
low high Ur CN AN As (type) (rate) (tx r) 
33.53 28.54 31.51 33.82 28.97 29.83 ns ns ns 
58.05 76.53 46.48 104.QO 67.63 51.04 20.223 14. 31 28.61 
60.09 68. 12 56.66 76.02 67.23 56.53 16.07 ns ns 
43.84 55.81 40.18 59.89 51.78 47.45 10.44 7.38 ns 
28.42 39.88 28.85 36.63 37.64 33.48 4.27 3.02 ns 
22.34 26.67 18. 41 27. 51 31.02 21.07 5.26 5.97 ns 
Ur: Urea, CN: Calcium nitrate, AN: Ammonium nitrate, AS Ammonium nitrate. 
l : Low rate of application, l. 50 kg N/ha. 
2: High rate of application, i . F 120 kg N/ha. 
\qb 
0 
Appendix 13: co2 production~' ug/g soil)at 25 C at various time 
intervals 
Hrs of incubation 
Treatment 2 5 8 24 72 120 
LoNio 0.84 1. 73 2 .81 5.03 46.59 48.14 
LoNI i 1.11 1. 78 2.53 4.41 54.79 58.12 
LoNiii 1.62 2. 11 2.35 3.58 37.97 55.48 
LiNio 2.23 1.83 2.85 6.25 48.27 61.04 
Li Nii 1.64 2.49 2.75 6.58 91. 37 114.16 
LiNiii 2.25 2.59 3.43 5.63 108.48 113. 66 
LiiNio 2. 18 2.94 4.82 7.78 63.22 84.33 
LiiNii 2.63 3.66 4.95 8.31 99. 16 124.08 
LiiNiii 3.23 4.38 4.00 8.42 128.00 160.5 
mean values 
Lo 1. 19 2.04 2.68 1. 75 1. 79 2.36 
Li 1.87 2.30 3.66 2.167 2.638 3.03 
Lii 2.56 3.00 4.59 3.49 3.41 3.26 
Nio 4.34 6. 15 8.17 6.35 6.43 5.87 
Nii 46.45 82.71 96.98 52.88 81. 77 91.49 
Niii 53.91 102.95 122.97 64.5 98.78 116. 55 
LSD at p= 0.05 
pH - 0.155 0. 118 0.676 0.686 5.885 12.97 
NI 0.276 0.335 ns ns 9.630 12.54 
pH x NI 0.405 ns ns ns 10. 753 20.38 
Appendix 14. Urea recovered {urea-N ug/depth) from leached soil 
columns 
Leaching run, ll-i ll-ii 
( i ) 2 
Depth (cm) 
0-1. 4 
l.4-2.8 
2.8-4.2 
4.2-5.6 
5.6-7.0 
7.0-8.4 
8.4-9.8 
9. 8-11. 2 
11.2-12.6 
12.6-14.0 
14.0-15.8 
15.8-17.2 
1 eachate 
15.62 
12.56 
32.46 
71 .45 
83.22 
42. 12 
Duration of leaching 
hrs. (D) 8 
9.6 
5.6 
14.2 
10.9 
40.08 
55.98 
59.88 
39.586 
13 
air-dry soil 
ll-iii 
3 
3.35 
0 
5 .13 
15.58 
9.85 
12.39 
22.05 
29.56 
28.42 
38.54 
26.92 
18,99 
18 
Total urea :N recovered at each sampling 
2 
4 
0 
0 
0 
2.11 
0 
0 
5.51 
0 
12.6 
3 
5 
0 
0 
0 
0 
0 
0 
2.65 
l. l 
8 
22.1 1.25 
18.2 8.62 
24.56 19.42 
ll.81 14.31 
72 144 
ug/column (T) 257.47 236.12 210.81 96.98 46.09 
% recovery 
Rate of urea 
incremental 
cumulative 
85.9 78.7 70.26 
hydrolysis (urea N ug/hr): 
1.75 4.34 5.06 
1.75 4.91 4.96 
(Total urea -N add~d= 300 g/column) 
32.33 
2. 11 
2.81 
Incremental rate of hydrolysis= T(i)- T (i-1) 
D(i )-D(i-1) 
15.36 
1.06 
1. 76 
.wet soil 
2 
2 
3.11 0 
8.92 0 
14.89 2.05 
11 .84 0 
14.3 8.94 
21.3 6.81 
29.81 9.52 
21 . 84 10. 21 
24.89 10.15 
26.97 19.42 
18.88 15.37 
16.53 14.81 
2.57 15.54 
18 144 
216.25 112.82 
72.01 37.61 
4.65 1.43 
4.65 1.3 
In the case of leaching run l (i), the Ti is same as the total urea N 
added ie. 300 g ure:\.N/column 
Cumulative rate of hydrolysis = 300-Ti 
Di 
(-) indicate samples that were not analysed since soil d.t these depths 
we_sr not , _ ... 
_ wet~'-.:. at the time of sampling. 
/\ppendix 15: Persistence of nitrapyrin (ng/g soil) in soil 
at different temperatures 
Number of DAYS 
Treatment 4 7 28 
FOTl0-1 34951.95 14207.70 4821. 81 1222.47 
FlTl 0-1 17580.70 6414.38 
FOT25-l 29743.39 3549.08 
FlT25- l 10491.08 1667.42 
F = a i r fl ow ( 0 = s t i 11 i'I. i r , l = 
T= temperature (1G°Cand25~C) 
1986.58 174.69 
2783.661 846.95 
529.73 93.00 
air flow 2ml/sec) 
34 
829.92 
227.47 
641.50 
43.62 
-
.D 
00 
~------------!A~~en~d~i~x-..!.:l 6~:~G:!::C:.!.../!.lS!!:-~- _~pectrogram or" l'i li'a yri n extracted from soi l 
TIC of DATA:24UGSTD.D 
9.0E4 
8.0E4 
? .·0E4 
a>6.0E4 
u 
c 
~5.0E4 
c 
:J 
~4.0E4 
3.0E4 
2.0E4 
10000 
Column type: HP5 , 25m. 
2.0 
Nitrapyrin 
25 f1/ml 
2.2 
Ti me (mi n • ) 
Hexadecane 
120/4'.) /ml 
2.6 
; at 9.5psi., ·c . 200 'Qothermal. Injected volume= l.Of'l Solvent: Redistilled Hexane. 
'2.00 
Appendix 17: Mean top dry matter production (gl0.25m2) 
treatment 20DAS 45DAS lOODAS 140DAS 
Lime (L):(averaged over all NINI treatments 
0 7.53 43.65 419.69 538.13 
7.94 53. 61 473.47 630. 17 
ii 7.85 50.05 496.34 599.73 
NINI (T) (averaged over all lime treatments) 
1 7.86 51. 77 353.02 414.03 
2 7.03 46.33 442.03 515.67 
3 7.03 56.63 508.85 496. l 
4 8.45 43.63 413.8 517.63 
5 7.57 58.54 482.5 670.2 
6 9.07 55.67 509.36 664.06 
7 7.76 49.23 501. 21 666.38 
8 7.29 37.33 409.47 564.25 
9 7.92 42.77 548.26 795.81 
L x T Lo L1 L1i Lo L1. Lii f Lo Li Lii Lo Li Lii 
0 (6.3, 7.6, 9. 7) (44.4, 54.80, 56.l) (375.5, 325.2, 358.4) (429.5, 372.0, 440.6) 
l (6.8, 6.8, 7.5) (51.6, 51.8, 35.6) (421.0, 421 .8, 483.2) (499.3, 461.6, 586. l) 
2 (8.3, 7.1, 7 .7) (43.2, 76.3, 5.04) (471.8, 527.7, 527.0) (586.2, 546.4, 555.7) 
3 (7.3, 9.1, 8.9) (38.4, 48.1, 44.4) (355.6, 395.7, 490. l) (533.0, 490. 1, 529.8) 
4 (8.3, 7.2, 7.3) (50.8, 58.4, 66.4) (411.4, 529.9, 506.3) (553.1, 734. 1,723.30) 
5 (8.2, 10.1, 8.9) (46.9, 60.9, 59.3) (487.9, 536.3, 504.2) (551.3, 754.3, 686.6) 
6 (7.8, 8.1, 7.4) (42. 1, 47.2, 58.3) (426.3, 506.0, 571. 3) ( 521 .2. 782.1, 695.8) 
7 (7.2, 7.0, 7.7) (35.2, 38.3, 38.6) ( 381. 3, 438. 9' 408.2) (516.1, 598.4, 578.2) 
8 (7.6, 8.6, 7.5) (40.3, 46.7, 41.3) (446.8, 579.7, 618.3) (653.5, 932.5, 801.5) 
Lsd at P= · 0.05 
(T) NS 13.56 39.93 71.93 
Lime(L) 0.25 5.05 36.53 25.03 
L x T 1.78 18.36 113.09 24.59 
*(three figures within parenthesis represent corresponding data for lime treatments O,i, and 
ii respectively) 
Appendix 18: Regression equations used to estimate the rate of top 
dry matter production 
T· Lo Li Lii 
0 -83.48 +3.9lx r=0.97 -95.32 + 4.08x r=0.99 -82.04+3.9lx 
l -101.61+4.54x r=0.98 -90.01 + 4.27x r=0.96 -133.27+5.39x 
2 -129.61+5.33x r=0.98 -98.33 + 5.08x r=0.96 -103.05+4.3lx 
3 -122.42+4.59x r=0.99 -113.43+4.72x r=0.99 -110.17+4.96x 
4 -117.85+4.90x r=0.97 -164.63+6.52x r=0.99 -157.36+6.34x 
5 -116.08+5.llx r=0.98 -167.05+6.66x r=0.99 -149.59+6.09x 
5· -112.42+4.74x r=0.99 -185.42+6.84x r=0.99 -150.99+6.35x 
7 -116.82+4.6lx r=0.99 -137.95+5.36x r=0.99 -132.45+5.12x 
8 -152.81+5.77x r=0.98 -229.25+8.16x r=0.99 -l90.00+7.30x 
x= time 
r=0.98 
r=0.97 
r=0.99· 
r=0.96 
r=0.99. 
r=0.99 
r=0.98 
r=0.99 
r=0.98 
Appendix 19; Means of leaf area index LAI and % light intercepted 
LAI or L 
treatment 30DAS SODAS 70DAS l20DAS 
Li me treatments_ ( LJ-av~r_~gE;?(_o~er:_aJl_NLN I_ tr.e_g.tm_ents 
0 0.35 
l 0.38 
2 0.39 
NINI (T)-averaged over 
TO 0. 38 
Tl 0. 38 
T2 0.38 
T3 0.33 
T4 0.41~ 
TS 0.41 
T6 0.41 
T7 0. 33 
T8 0.31 
L x T interaction * 
30DAS 
TO (0.39,0.35,0.41) 
Tl (34, .42,0.4) 
T2 ( 0. 31 , 0. 41 , 0. 4 3) 
T3 (0.32,0.29,0.39) 
T4 (0.32,0.29,0.39) 
T5 (0.39,0.44,0.41) 
T6 (0.39,0.43,0.41) 
T7 (0.40,0.39,0.43) 
T8 (0.29, .37, .34) 
Lsd(p0.05) 
(T l NS 
Li me ( L) 0 . 1 2 
L x T NS 
1. 30 2. 68 
1. 38 3. 09 
1.48 2.88 
all lime treatments 
1.00 2.99 
1.14 4.97 
1.14 2.62 
1.14 2.21 
1.87 3.46 
1.91 2.51 
1 . 88 2. 61 
1.04 2.23 
1. 37 2. 39 
6.90 
7.66 
7.66 
6. 15 
6. 14 
7. 72 
7. 10 
7.75 
7.47 
7.34 
6.49 
8.53 
SODAS 
( 1 . 0' 0. 94' 1 . 09) 
(1.19,l.ll,l.l) 
(0.96, 1.15, 1.31) 
( 1 . l 6' l . 09' 1 . 16) 
(l.62,1.99, 1.99) 
(1. 75,2.0, 1.99) 
( l • B l , 1 . 9 5 , 1 • 88 ) 
(l .1,0.99, 1.02) 
(1.09, 1.23, 1.8) 
70 DAS 
(2.86,2.98,3.12) 
(3.64, 3.94, 5.33) 
(3.14, 2.35, 2. 38) 
(2.04, 2.26, 2.34) 
(3. 15, 4.25, 2.99) 
(2.42, 2.59, 2.52) 
(2.67, 2.66, 2.51) 
(2.04, 2.20, 2.43) 
(2.16, 2.64, 2.36) 
0.236 
0.05 
0.266 
0.623 
0.36 
0.85 
120 DAS 
(5.63, 6.62; 6.19) 
(7 .84, 8.42, 8.16) 
( 7 . 48' 7 . 51 ' 8. 16) 
( 6. 11 ' 7. 1 3' 8. 06) 
(6.69, 8.95, 7.13) 
(7.13, 7.47, 7.81) 
(6.99, 7.12, 7.91) 
(6.43, 6.91, 6. 13) 
( 7. 82' 8. 84' 8. 9 2) 
0.59 
0.39 
NS 
% LI 
120DAS 
49.39 
56.83 
56.94 
37.67 
53.00 
52.83 
54.67 
60.50 
59. 17 
60.83 
48.5 
62.33 
l 20DAS (LI) 
(35.0, 38.5 39.5) 
(43.0, 50.5, 65.5) 
(44.5, 59.5, 54.5) 
(53.0, 56.5,54.5) 
(52.6, 65.5, 59.5) 
(53.5, 65.5, 63.0) 
(58.0, 62.0, 62.5) 
(46.0, 49.5, 50.0) 
(59.0, 64.5, 63.5) 
*(three figures w1th1n parenthesis represent corresponding data for lime trea1lilents Lo, Li, andLii) 
'l.03 - - . 
-
Appendix 20 : Total plant N content (in terms of :r. grain-N and other plant 
parts-N) and the nitrogen use efficiency of crop (NUE). 
Grain N straw N 
Treat kg/ha kg/ha RE/ grain RE/straw YE/grain YE/straw 
Lime (values averaged over all N/NI treatments)-(L) 
0 94.6 33.21 26.81 13.24 22 .14 10.27 
1 131. 2 43.4 38.03 26.28 45.25 31 . 91 
2 130.36 41.54 33.25 23.98 42.68 26. 14 
NINI (values averaged over all L treatments)-(T) 
TO 56. 15 27. 17 
Tl 107.76 35.32 31.3 21. 71 31.26 14.74 
T2 128.2 32.54 28. 17 16.48 55.27 14.55 
T3 106.5 28.63 27.8 8.32 51. 73 16. 31 
T4 137. 16 41 .47 31. 59 17.7 32.7 25.52 
T5 140.0 44.03 30.89 19.57 36.41 24.28 
T6 153. 13 51.02 29.51 26.55 38.79 23.65 
T7 90.74 38. 17 32.92 27.41 11. 5 26.5 
T8 148.85 56.08 42.4 31.6 35.39 36.65 
L x T interaction-
TO Lo 50.78 24.5 
Li 56.39 23.2 
Lii 61.27 33.9 
Tl Lo 76.55 35.1 27.5 21. 3 25.8 4. ll 
Li 128. 7 32. 1 35.8 15. 3 38.1 13.9 
Lii 118. 1 38.7 30.6 28.5 29.8 26.3 
T2 Lo 83.3 28. l 25.0 7.3 32.8 8.5 
Li 146.3 38.6 30.9 23.2 69.6 23.3 
Lii 155.1 33.9 28.6 18.9 64.8 11. 9 
T3 Lo 83.7 26.3 24.8 3.7 27.6 8.22 
Li 122.2 28.2 32.8 7.5 71.8 20.9 
Lii ll 3. 7 31.4 25.8 13.8 55.7 19.9 
T4 Lo 109.9 27.5 24.3 5. 1 22.6 7.8 
Li 154.9 49.8 39 .1 25.4 40.4 34.4 
Li i 146. 6 47. 1 31.4 22.7 35.l 34.4 
T5 Lo ll 7 .4 33.8 21.6 9.4 25.6 6.95 
Li 151. 3 51. 6 35.5 27.2 41. 7 43.4 
Lii 151.3 46.7 35.5 22.2 41. 9 22.6 
T6 Lo 135.9 49.3 26.6 24.9 35. 1 8.9 
Li 161. 9 62.5 36.2 38.0 43.2 35.5 
Lii 161.6 41.2 25.8 16. 7 38.1 26. 5. 
T7 Lo 67.0 33.5 28.4 18.0 -11. 6 15.3 
Li 99.2 39.6 46.7 30.2 10.6 33.6 
Li i 106. 1 41. 5 44.6 34.0 35.5 30.7 
TB -Lo 126.9 40.8 36.2 16 .4 19. 1 22.3 
Li 159.9 68.0 47.2 43.5 46.6 50.5 
Li i 159. 9 59.4 43.8 34.9 40.3 37.2 
Lsd (pc;0.05) 
N/NI 40.56 15. 92 6.4 NS 17. 31 5.57 
L 7.84 3.76 3.52 4.39 3.46 5.88 
NINI x L NS 18.4 NS 23.68 19.07 NS 
RE- recovery efficiency (Bock, 1984). 
YE- Yield efficiency (Bock, 1984). 
Appendix 20b: Yield componants of barley (cv. Triumph) • 
Treat &ars/m2 'irains/Ear Yield mt/ha Harvest Index Straw Yield (mt/ha) 
ment Lo Li Lii Lo Li Lii Lo Li Lii Lo Li Lii Lo Li Li i 
mean v·a l ues. 
TO Lo 731 784 726 19 20 23 4.43 4.38 4.88 51.19 51. 58 53.18 4.29 4.12 4.32 
Tl 798 812 712 24 24 26 5.72 5.34 6.17 55.74 51.93 53.5 4. 51 4.94 5.36 
T2 752 820 792 24 26 24 6.07 7.91 7.67 56.74 58.44 62.35 4.64 5.66 4.62 
T3 766 813 798 24 28 26 5.91 7.97 7.22 55.59 59.89 57.63 4.72 5.34 5.3 
T4 781 968 956 24 24 26 6.67 8.47 7.94 54.27 52.33 50.60 5.63 7.74 7.73 
T5 810 1040 820 24 23 26 6.99 8.35 8.62 58.22 48.86 56.81 5.00 8.74 6.57 
T6 800 980 810 23 24 24 7.94 8.75 8.28 60.8 52.75 54.09 5.20 7.85 6.95 
T7 788 820 812 23 20 24 3.78 4.96 6.20 42.6 45.41 51.73 5.06 5.98 5.78 
T8 898 1100 948 24 26 28 6.30 9.09 8.49 51.27 51.21 51.42 6.03 8.68 8.02 
L x T Lsd (pc;0.05) 
T 31.83 NS 1.18 NS 0.96 
L 31.93 1.05 0.25 NS 0.43 
L x T 84.44 NS 1.33 NS 1.42 
~ 
0 
.+" 
(for details of T and L refer Table 9.1) 
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Appendix 21: Anmonium-N recovered {2xug/g soil)from the field 
plots at different sampling times. 
Treatment before Days after sowing (DAS) 
sowing 6 13 42 83 
Lime- average over all T treatments 
Lo 31 . 11 82 .12 69.4 23.38 6.87 
Li 29. 14 74.7 56.55 25.69 6.81 
L2 30. 72 70.53 52.6 20.94 6.96 
NINI - average over all L treatments 
TO 32.35 28.67 11. 98 5.29 3.34 
Tl 29.20 70.49 47.58 22.94 4.80 
T2 34.66 68.36 62.28 19. 91 8.28 
T3 32.00 67.36 65.62 19.2 8.06 
T4 ·27.54 116. 51 80.19 17.63 8.57 
T5 30.30 119.52 93.56 21 .86 6.79 
T6 28.43 117.21 93.06 18.09 8. 10 
T7 29. 72 28.45 13.46 35.53 7.66 
T8 28.75 65.22 67.93 49.58 6.35 
T x L interaction 
TO Lo 34.39 27.54 15.85 6.09 2.00 
Li 34.38 26.85 10.36 4.73 3.52 
Lii 28.27 31.63 9.73 5.04 4.49 
Tl Lo 30.86 77.82 56.37 22.71 3.51 
Li 25.9 72.16 42.06 21. 95 5.96 
Lii 30.84 61.5 44.3 19.70 4.92 
T2 Lo 35. 17 74. 31 76.92 19. 19 7.88 
Li 29.73 69.42 58.28 20.83 9.52 
Lii 39.08 61.36 51.66 18.90 7.44 
T3 Lo 34. 12 71.58 72.65 18. 90 9 .13 
Li 30.46 69. 72 60.89 21. 61 5.52 
Lii 31.41 61.59 63.3 17.09 9.53 
T4 Lo 24.4 123.63 85.41 17.49 9.29 
Li 27.81 115.19 81.59 20.29 7.53 
Lii 30.40 110.72 73.57 15. 12 8.88 
T5 Lo 34. 19 130. 35 118.21 21. 55 6.25 
Li 30. 31 118. 58 84.12 25.06 7.00 
Lii 26.40 109.64 78.38 18.97 7. 13 
T6 Lo 24.67 136.00 105.63 18.00 7.02 
Li 27.47 111.15 91.93 20 .81 8.95 
Lii 33.17 104.49 81.62 15 .44 8.35 
T7 Lo 32.50 28.98 14.60 37.55 10.55 
Li 27:59 28.9 14.59 37. 1 6.32 
Lii 29.07 27.49 11.18 31. 93 6. 10 
TB Lo 29.74 68.9 78.93 48.41 6.24 
Li 28.63 60.37 65.19 60.48 6.99 
Lii 27.88 66.38 59.68 39.85 5.83 
Lsd (0.05) 
NS 7.08 2.62 2.65 NS 
T NS 13. 54 21.44 9. 18 2.6 
T x L NS NS 22.38 NS NS 
'l.Ob 
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Appendix 22:Nitrate N/nitrite-N levels in soil (2 x ug/g soi 1) 
Treatment ~ef ore Days after sowing (DAS) 
sowing 6 13 42 83 
Lime- average over all T treatments 
Lo 21 . 31 28.24 29. 11 42.20 17.93 
Li 24.87 36.60 29.26 38. 19 14.76 
L2 25. 51 41.20 30.44 35.95 14.71 
NINI - average over all L treatments 
To 26.21 20.84 20.28 16. 17 15.74 
Tl 22. 77 42.82 34.52 47.85 14.33 
T2 23.86 37.24 38.89 36.34 11 . 59 
T3 21.49 31.45 32.41 37.82 13. 13 
T4 22.63 45.87 35.75 36.24 14.04 
T5 24.9 45.28 29. 91 37.79 14.23 
T6 23.71 37. 19 29.74 34.84 15.48 
T7 22.56 25.32 12" 80 53.47 20.06 
TB 26.96 32. 12 32.15 48.20 23.59 
L x T interaction 
To Lo 26.75 19. 12 18.97 16. 12 15.21 
Li 27.2 22.21 22.05 15.30 13. 58 
Lii 24.67 21.18 19.82 17.99 18.43 
Tl Lo 22.79 39.67 32.52 56.84 16. 10 
Li 22.55 35.41 31. 97 44.91 14.30 
Lii 22.97 53.39 39.07 41. 78 12.59 
T2 Lo 18.98 28.6 34.42 43.23 15. 32 
Li 29.21 41 .62 38.78 34.81 10.34 
Lii 23.38 41.50 43.47 30.98 9. 11 
T3 Lo 18.29 18.86 29.43 43.66 15. 57 
Li 22.00 35.07 31. 1 35.83 11. 48 
Li i 24.18 40.42 36.69 33.98 12.34 
T4 Lo 19.20 31.23 32.64 39.37 17.38 
Li 22.79 47.06 36.35 37.73 14.99 
Li i 25.92 59.33 38.25 31. 62 9.75 
T5 Lo 18.60 30.66 31.69 43.57 16.63 
Li 25.97 52.79 29.98 36.29 13. 41 
Li i 30.13 52.4 28.06 33.5 12.66 
T6 Lo 22. 11 27.36 35.24 40.92 19.20 
Li 22.41 39.92 28.02 33.25 11. 00 
Lii 26.59 44.29 25. 96 30.34 16.23 
T7 Lo 21. 29 28.44 14.00 44. 17 23.59 
Li 23.43 24.42 12. 81 58.72 17.68 
Li i 22.95 23. 12 11. 57 57.52 18. 91 
T8 Lo 23.81 30.23 33.11 51. 92 22.40 
Li 28.23 30.91 32.27 46.87 26.04 
Lii 28.83 35.23 31. 07 45.82 22.34 
Lsd (p=0.05) 
L 2.05 2.78 NS 2.27 2.55 
T NS 7.27 3. 18 8.24 4.34 
T x L NS NS NS 9.94 NS 
, . 
-
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Appendix 23: Total mineraJ-H in soil (2 x ug/g soi 1) 
. 
Treatment f5efore Days after sowing (DAS) 
sowing 6 13 42 83 
. 
Lime- average over all T treatments 
Lo 52.43 110. 36 98.51 65.58 24.91 
Li 54.00 111. 3 85.51 63.88 21. 57 
L2 56.24 111. 74 83.04 56.88 21. 67 
. 
(T) N/NI - averaged over all L treatments 
.. 
TO 58.55 49.51 32.26 21. 76 19.07 
Tl 51 . 97 113.31 82. 10 70.79 19. 13 
T2 58. 51 105.6 101 . 17 56.25 19.87 
T3 53.49 99.08 98.02 57.02 21. 19 
T4 50. 17 162.08 115. 94 53.87 22.60 
T5 55.2 164.8 123.47 59.64 21 .03 
T6 52. 14 154.4 122.8 52.92 23.59 
T7 52.28 53.78 26.25 89.00 27.71 
TB 55.7 97.34 100. 08 97.79 29.94 
. 
L xT interaction 
TO Lo 61. 14 46.66 34.81 22.21 17. 21 
Li 61.58 49.06 32.41 20.03 17.09 
Lii 52.98 52.81 29.55 23.04 22.91 
Tl Lo 53.65 117. 49 88.88 79.56 19.60 
Li 48.44 107. 56 74.03 66.87 20.26 
Li i 53.82 114.89 83.38 65.94 17.52 
T2 Lo 54. 16 102.91 111. 34 62.92 23.20 
Li 58.94 111. 04 97.05 54.00 19.86 
Lii 62.45 102.86 95.12 51. 81 16.55 
T3 Lo 52.41 90.43 102. 07 62.55 24.71 
Li 52.47 104. 79 92.00 57.44 17.00 
Lii 55.59 102.0 100.00 51.06 21.87 
T4 Lo 43.59 154.86 118.05 56.86 26.67 
Li 50.61 162.24 117. 94 58.02 22.52 
Lii 56.32 170.04 111. 82 46.73 18.63 
T5 L0 52.:Z8 162.00 149.9 65.12 22.87 
Li 56.28 171.37 114. 08 61. 35 20.42 
Lii 56.53 162.03 106.44 52.46 19.79 
T6 Lo 46.78 163.35 140.87 58.93 26.23 
Li 49.88 151.07 119. 95 54.06 19.95 
Lii 59.76 148.78 107.58 45.78 24.58 
T7 Lo 53.80 57.41 28.61 81.72 34.14 
Li 51.02 53. 31 27.4 95.82 24.00 
Lii 52.02 .50.61 22.76 89.46 25.00 
TB Lo 53.56 99. 13 112.04 100.33 28.64 
Li 56.85 91.28 97.45 107. 35 33.02 
Lii 56.7 101. 61 90.75 85.67 28. 17 
. 
Lsd (p=0.05) 
L NS NS 5.23 3.47 2.48 
T NS 14. 19 21.22 14.46 5.67 
L xT NS NS 24.79 16.99 NS 
ADDENDUM 
THE INTERACTION OF NITRAPYRIN WITH cu2+ ON IN VITRO 
NITRITE PRODUCTION AND THE BACTERICIDAL ACTIVITY OF 
NITRAPYRIN. 
ABSTRACT 
Nitrite production in vitro was effectively inhibited by nitrapyrin. The 
inhibition of nitrapyrin was bactericidal rather than bacteriostatic. Addition of 2µg 
Cu2+ m1-l did not significantly affect nitrification in liquid culture. However, when 
Copper concentration was increased to 7ug cu2+m1-l nitrification was inhibited 
even in the absence of nitrapyrin. 
INTRODUCTION 
Despite the considerable research undertaken on nitrification inhibitors only a few 
studies have dealt with their mode of action. This applies even to nitrapyrin (NI) 
which was the first comme~cial nitrification inhibitor to be developed (by Dow 
Chemical Co. USA in 1967) following publication of its inhibitory action by Goring 
in (1962). 
Campbell and Aleem (1965) reported that nitrapyrin specifically inhibited the 
oxidation of ammonia to hydroxylamine and also observed that addition of cu2+at 
38.4µg m1-l to growth medium resulted in a 45-75% reversal of nitrapyrin-mediated 
inhibition of Nitrosomonas eurqpea. They therefore concluded that nitrapyrin inhibits 
nitrification by chelating with the copper component of the enzyme, ammonia 
monooxygenase, responsible for ammonia oxidation. This proposed mechanism of 
inhibition was supported by Hooper and Terry (1973) although Powell and Prosse 
(1986) found that in the case of Nitrosomonas europea.cu2+(0.046 µg ml-1) 
enhanced rather than reversed inhibition of nitrification by nitrapyrin. The later 
· workers used either CuS04 or CuCl2 while Campbell and Aleem (1965) did not 
specify their copper source. The contrast in results was attributed by Powell and 
Prosser (1986) to a difference in response of different strains of bacteria to heavy 
metals, as shown by Babich and Stotzky (1980) and to differences in experimental 
systems/techniques employed by the two groups of workers. 
If, as suggested by Campbell and Aleem (1965) the enzyme rather than the 
organism was affected by the inhibitor, then nitrification should recover as the 
nitrapyrin concentration drops below the bacteriostatic level necessary for effective 
inhibition of ammonium oxidation. However, Rodgers and Ashworth (1982) 
observed a bactericidal inhibition in liquid culture and the same effect had been 
observed previously by Hooper and Terry (1973) in soil. Of some relevance to the 
topic was the demonstration by Gorin (1962) and Laskowski and Bidlack (1977) of 
the recovery of nitrification in soils treated with nitrapyrin, indicating at least the 
survival of a proportion of the nitrifying population. 
The present work was undertaken to assess whether the mode of action of 
nitrapyrin was bactericidal or bacteriostatic on a soil-derived nitrifying population in 
liquid culture, and also to investigate the effect of Cu2+ (supplied as CuS04)on 
nitrite production. 
MATERIALS AND ME1HQDS 
Ammonium oxidizing bacteria were isolated from an actively nitrifying fresh 
soil inoculated into the nitrification medium proposed by Soriano and Walker (1968) 
containing 1 % bromothymol blue as pH indicator. To obtain active nitrifiers five 
serial enrichments (at 300C were made with 10-14 days incubation at each stage) with 
dilution to 10-8 and selection of the highest dilution showing nitrite formation for 
each enrichment. 
The bactericida1/bacteriostatic action of nitrapyrin was assessed as described in 
Figure 1. Active inoculum and nitrapyrin-treated inoculum were derived from the 
same original stock culture medium. The latter inoculum however was treated with 
nitrapyrin at a concentration of 0.05 µg a.i. mI-las soon as spot tests indicated nitrite 
production (seven days before use). 
To test the effect of cu2+, tubes containing 7ml of nitrification medium 
(containing 1 % bromothymol blue) were amended with lml of CuS04 solutions to 
give (Cu=O, 0.25, 0.5, 1.0 and 7.0 µg m1-l) and lml of aqueous nitrapyrin solution 
(NI=O, 0.1, 0.25, O.Sµg a.i. m1-l) with six replicates of each mixture. The Cu=O 
tubes were supplemented with 1.0ml of anhydrous Na2S04 (in equal concentration 
to CuS04) while sterile, distiled water was used to make up the NI=O treatments. 
Each tube was inoculated with 1.0ml of an active nitrite producing culture (one week 
old culture). 
Nitrite production was measured photometrically using a Skalaar Auto-
analyzer following treatment with sulphonilic acid and alpha napthylamine 
hydrochloride. Tests for ammonium-N and nitrate-N (not reported here) were also 
made using the same instrument. 
RESULTS AND DISCUSSION 
The scanning electron micro graphs of the culture (plate 1) showed 
predominantly rod-shaped organisms (about 95% of the bacteria found) growing 
attached to the glass surface. Most probably these were the autotrophic ammonium 
oxidizers since sodium carbonate was the sole carbon source added. Nitrapyrin 
(which is effective only on au.totrophic nitrifiers) at a cone. of 1 µg m1-l effectively 
inhibited nitrite formation and no growth occurred following streak inoculation of 
dextrose agar plates and incubation for fourteen days at 30°C. Tests for ammonium 
and nitrate confirmed that ammonium oxidation resulted in nitrite accumulation and 
that no significant nitrate formation occurred in the tubes during the period of assay. 
Figure 1 shows nitrite production following five and twelve days of 
incubation of treated nitrification medium. Nitrite in the active inoculum at the time 
of incorporation was detectable by spot test using mcxlified Griess-Illsovay reagent 
with about 5µg of nitrite being introduced to each tube. Treatments that received 
inoculum+nitrapyrin also had traces (0.1 - 0.2µg m1-l) of nitrite due to nitrification 
prior to nitrapyrin addition. 
Nitrite levels in the control (treatment 1) increased during the experimental 
period confirming that nitrifiers continued to function under the conditions of the 
experiment. Addition of nitrapyrin (0.5µg m1-l final concentration) resulted in 
effective inhibition of ammonium oxidation (treatment 2) 
Ammonium oxidation was effectively inhibited in fresh inoculum at nitrapyrin 
concentrations of -0.5µg m1-1,-0.05µg m1-l and -0.005 µg m1-l (treatments 2, 3 
and 4 respectively), but not at a concentration of approximately 0.0005 µg m1- l 
(treatment 5). (concentrations were likely to be lower since part of the nitrapyrin 
added had been used to inhibit activity of the stock culture). In treatment 9 nitrite 
levels increased similarly to those in the control (treatment 1) suggesting an absence 
of inhibitory action. On the other hand, in the absence of active inoculum 
(treatments 6, 7 and 8) the nitrite levels did not rise indicating that nitrite production 
in treatment 5 was due to the active inoculum alone. 
If nitrapyrin was bacteriostatic and only blocked the action of nitrification 
enzymes treatment 8 at 0.0005µg NI m1-l should have produced nitrite as in 
treatment 9 which had a similar dilution of nitrification population but no nitrapyrin. 
A bactericidal mode of action therefore seems to be more likely for nitrification 
inhibition mediated by nitrapyrin. 
Addition of Copper as CuS04 did not have any effect on nitrapyrin inhibition 
since all NI applications, with and without Cu effectively inhibited nitrite production. 
Hence Figure 2 shows nitrite levels at only one level of nitrapyrin (ie.0.1 µg NI ml-
1) with no Cu for simplicity. However, when Cu was added to the treatments 
without NI (Nlo), the increasing Cu concentration caused a decrease in nitrite 
production to the point where 7µg m1-l (not shown but similar to the O.lµg NI m1-l 
treatment) completely inhibited the process. Although Cu levels used in this 
experiment were different to those used by Campbell and Aleem (1965) (38.4µg ml-
1 Cu2+) or by Prosser and Powell (1986) of (0.046 µg m1-lcu2+) it was apparent 
that concentrations of cu2+ in the order of lµg m1-l caused a marked inhibition of 
nitrification in the absence of nitrapyrin. Hence, the enhanced inhibition of 
nitrification by nitrapyrin following addition of Cu observed by Powell and Prosser 
(1986) may have been due to the combined inhibitory action of added Cu and 
nitrapyrin rather than to interaction of Cu with nitrapyrin . It is also possible that the 
present result differs from that of Powell and Prosser (1986) because the nitrifier 
strains responded differently to Cu supplied as CuS04 The control containing 
Na2S04 but no CuS04 had no inhibitory action. 
-Figure 1: Effect of nitrapyrin and presence of active inoculum on recovery of 
NOi- production ju yjtro .after 5 days and 12 days of incubation at JOOC 
Treatments 
McCartney bottles containing 8ml of nutrient medium/pH indicator were treated in three replications 
To 8 ml of nitrification :nedium followbg was added: 
Treatment 1: lml of fresh inoculum + lml of water. 
2: lml of fresh inoculum + lml of aqueous nitrapyrin solution, to give 0.5 µg mI-1 nitrapyrin .. 
3: lml of fresh inoculum + lml of inoculum incubated 7 days with 0.05µg m1-l nitrapyrin. 
4: lml of fresh inoculum +lml from treatment 3, to give 0.005µg ml-1 nitrapyrin. 
5: lml of fresh inoculum+ lml of treatment 5, to give 0.0005µg m1-l nitrapyrin lml of 
6: lml of water+ lml of inoculum incubated incubated 7 days with 0.05µg m1- l nitrapyrin 
7: lml of water+ lml of treatment 3, to give .005µgmI-lnitrapyrin. 
8: lml of water+ lml of treatment 7, to give 0.0005µg m1-I nitrapyrin. 
9: lml of water+ lml of inoculum free of nitrapyrin, previously stored 
at 7- goc for 7 days with dilution to 10-2 prior to addition. 
(fresh inoculum was not treated with nitrapyrin nor cool stored) 
All cultures were incubated at 3ooc up to 12 days. 
Fig;ure 2: Effect of Cu on nitrite production in-vitro 
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Plate i. Scanning electron micrograph of organisms 
growing on the surface of a cover slide 
submerged and incubated with culture solution. 
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